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During the floral transition of Arabidopsis, the shoot apical meristem initiates 
to produce floral primordia instead of leaf primordia. The floral transition in 
Arabidopsis is also associated with other morphological changes including 
bolting. The bolting transition is the elongation of the first internode that 
marks the end of rosette leaf production and the beginning of cauline leaf 
production. The floral transition and bolting transition are two closely linked 
processes in Arabidopsis, yet they can be uncoupled under non-optimal 
conditions and in some mutants. The plant hormone gibberellin (GA) has been 
found to be indispensable for the elongation of stem and bolting. The severe 
GA-deficient mutant ga1 has a dwarf phenotype and rarely produces cauline 
leaves. On the contrary, the leafy mutant has a normal number of rosette 
leaves, but generates many more cauline leaves. I have found that SOC1 
directly regulates the gibberellin catabolism genes, GA2ox1 and GA2ox2, to 
modulate gibberellin levels in a tissue specific manner. SOC1 directly binds to 
the promoters of GA2ox1/2 in vivo and suppresses their expression by 
interacting with TOPLESS. Moreover, LEAFY is also directly upregulated by 
SOC1 during the floral transition. Consequently, SOC1 can control the bolting 
transition and the floral transition coordinately. Mutation of SOC1 causes late 
flowering as well as lower cauline/rosette leaf ratio, while overexpression of 
SOC1 exhibits early flowering and higher cauline/rosette leaf ratio. Overall, 
SOC1 modulates plant architecture by controlling both bolting transition and 
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In botany, a rosette is a circular arrangement of leaves, with all the leaves at 
ground level or close to the ground. The pattern of a rosette resembles the 
habit of a rose’s flower, and that is where the term rosette comes from. Many 
plant species are rosette plants, especially in the families Asteraceae (such as 
dandelion), Brassicaceae (such as cabbage), and Bromeliaceae (such as 
pineapple). Most ferns also begin life as rosettes, and many stay in that form 
throughout their lives, such as bird’s nest fern. The rosette morphology can 
expose the maximum number of leaves to the sun, protect the plants from cold 
injury, reduce the chance of being eaten by animals and also help to funnel 
water to their roots.  For flowering rosette plants, the rosette morphology is 
usually maintained during early vegetative development. Then the plants 
initiate stem elongation in response to favourable environmental conditions. 
The stem elongation is called bolting and is directly induced by the plant 
hormone gibberellins (Sachs, 1965). Flowers appear high on the bolted stem in 
a position that can facilitate pollination and seeds distribution. Proper timing 
of bolting and flowering is important for many winter annual crops, such as 
radish, carrot, and spinach. Leaves grown on the bolted stem are called cauline 
leaves, which are often somewhat different in shape and size with rosette 
leaves. The model plant Arabidopsis thaliana, which belongs to the family 
Brassicaceae, also has the typical rosette before bolting. The cauline leaves of 
Arabidopsis are formed before bolting during rosette stage. Then the stem 




1.1 Gibberellin metabolism and its regulation in Arabidopsis 
Gibberellins (GAs) are diterpene phytohormones that regulate plant growth 
and development in many aspects. The role of gibberellin in promoting stem 
elongation was first discovered in rice. When rice gets infected by a 
pathogenic fungus Gibberella fujikuroi, it will grow too tall to stand straight. 
Later, the biological structures of the fungal produced GAs were determined in 
the 1950s. Till now there are 130 forms of GAs identified in plants, fungi and 
bacteria (MacMillan, 2001), and among them only a few are biologically 
active in plants, eg. GA1, GA3, GA4, and GA7 (Hedden and Phillips, 2000). 
Other GAs are mostly intermediates of the GA biosynthetic or catabolic 
pathway. Bioactive GAs regulate nearly all developmental processes during 
plants growth, such as seed germination, leaf expansion, stem elongation, 
floral transition, root growth, floral organ development and seed development.  
Plants lacking GA displays pleiotropic phenotypes including non-germinating 
seeds, retarded growth, dark green leaves, short internodes, late flowering, and 
sterility.  Most of the GA-deficient phenotypes can be well rescued by 
application of exogenous GA.  
 
1.1.1 Gibberellin biosynthesis and catabolism 
The GA biosynthetic pathway can be classified into three stages. In the first 
stage, ent-kaurenal is synthesized from geranyl geranyl diphosphate (GGDP) 
by copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). In the 
second stage, ent-kaurenal is converted into GA12 via cytochrome P450 
monooxygenases ent-kaurene oxidase (KO) and ent-kaurene acid oxidase 
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(KAO). In the third stage, bioactive GA1 and GA4 are synthesized from GA12 
by a series of oxidation steps catalysed by 2-oxoglutarae-dependent 
dioxygenases, GA20-oxidases (GA20ox) and 3-oxidases (GA3ox). The 
bioactive GAs and their precursors can be catabolized by GA 2-oxidases 
(GA2ox) into inactive forms, such as GA51, GA34, GA29, and GA8.  
In Arabidopsis, the first three enzymes in the GA biosynthetic pathway, CPS, 
KS, and KO, are each encoded by a single gene, and this is also the case in 
most plant species examined (Figure 1) (Sun, 2008). CPS, KS and KO are 
encoded by the genes GA1, GA2, and GA3, respectively (Sun and Kamiya, 
1994; Yamaguchi et al., 1998; Helliwell et al., 1998). Mutation of any of the 
three genes will cause severe GA-deficient phenotypes in Arabidopsis, such as 
non-germinating seeds, dwarfism, late flowering, and dark green leaves. These 
phenotypes can be rescued by application of exogenous GA. However, 
overexpression of these genes (GA1, GA2 and GA3) has wild-type levels of 
bioactive GAs and do not display any GA overdose morphology (Swain et al., 
2005; Fleet et al., 2003), suggesting that the early steps of GA biosynthetic 
pathway are not rate-limiting steps. Nevertheless, the overexpression lines of 
GA1, GA2 and GA3 have shown higher resistance to GA synthetic inhibitor 
paclobutrazol (PAC), which can compete with ent-kaurene to bind KO (Swain 
et al., 2005; Fleet et al., 2003). There are two genes encoding KAO in 
Arabidopsis. They catalyse the three steps of the gibberellin biosynthetic 
pathway from ent-kaurenoic acid to GA12 (Helliwell et al., 2001).  
Following the biosynthesis of GA12, GA20ox and GA3ox catalyse a few 
oxidation steps leading to the formation of bioactive GAs. GA20ox can 
catalyse the sequential oxidation of C-20 GA and the loss of one carbon into 
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C-19 GA (Figure 2). GA3ox functions in the final step to convert GA9 and 
GA20 into bioactive GA4 and GA1, respectively. However, some GA3ox 
enzymes display minor catalytic activity to synthesize GA3 and GA6 from 
GA20 via GA5 (Yamaguchi, 2008). GA20ox enzymes are encoded by a family 
of five genes in Arabidopsis: GA20ox1-GA20xo5, among them GA20ox1 and 
GA20ox2 are the most highly expressed in all tissues (Rieu et al., 2008b). 
GA20ox1 and GA20ox2 act redundantly to promote plant development, yet 
GA20ox1 contributes more to internode and filament elongation, with 
GA20ox2 contributes more to flowering time and silique length (Rieu et al., 
2008b). Recent findings have shown that GA20ox1, GA20ox2 and GA20ox3 
are dominant genes in the biosynthesis of GAs while GA20ox4 and GA20ox5 
play only minor roles (Plackett et al., 2012). The mutants of GA20ox genes 
display typical GA-deficient phenotypes (Plackett et al., 2012; Rieu et al., 
2008b) while GA20ox overexpression lines display elongated hypocotyl, early 
flowering and increased stem growth phenotypes (Coles et al., 1999). GA20ox 
mutant plants have reduced levels of bioactive GA4 (Plackett et al., 2012; Rieu 
et al., 2008b) and GA20ox overexpression lines have higher levels of bioactive 
GA4 (Coles et al., 1999). The level of GA4 correlates well with the growth 
phenotype of plants.  
Similar to GA20ox enzymes, GA3ox enzymes are encoded by a family of 4 
genes in Arabidopsis: GA3ox1-4, with GA3ox1 and GA3ox2 playing redundant 
role during vegetative growth. Double mutant of GA3ox1 and GA3ox2 shows 
severe dwarfism and reduced rosette diameter, however, they are not 
dispensable for reproductive development (Hu et al., 2008; Mitchum et al., 
2006). GA3ox3 and GA3ox4 have no or very low expression during vegetative 
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growth, but they are highly expressed in reproductive organs like flowers and 
siliques (Mitchum et al., 2006). Consistent with the expression pattern, ga3ox3 
ga3ox4 double mutant has no phenotypic difference compared to WT plants 
based on rosette size and final height (Hu et al., 2008). GA3ox1 and GA3ox4 
play major role in silique elongation because the mutant lacking these two 
genes has very short siliques (Hu et al., 2008). Until now, the phenotypes of 
GA3ox overexpression lines have not been studied, but it is reasonable to 
predict that overexpression of GA3ox genes will probably result in higher 
bioactive GA levels and exhibit GA overdose phenotype.  
The bioactive GA levels are controlled not only by GA biosynthetic genes 
GA20ox and GA3ox, but also by GA catabolic genes GA2ox (Figure 2). There 
are 7 GA2ox genes in Arabidopsis. They are GA2ox1, GA2ox2, GA2ox3, 
GA2ox4, GA2ox6, GA2ox7 and GA2ox8. The GA2ox5 is a pseudogene. 
Among them, GA2ox1-4 and GA2ox6 are C19-GA 2-oxidases, which are 
capable to catalyse C19-GAs (GA1, GA4, GA9, and GA20) into inactive forms. 
Genetic analysis has revealed that C19-GA 2-oxidation is a major gibberellin 
inactivation pathway in Arabidopsis (Rieu et al., 2008a). They are expressed 
throughout plant development. The quintuple mutant of GA2ox1-4 GA2ox6 
has significantly longer hypocotyls, taller plant height, early flowering 
phenotype and more bioactive GAs (Rieu et al., 2008a). The phenotypes of 
GA2ox1-4 or GA2ox6 overexpression lines have not been studied yet. The 
other two GA2ox genes, GA2ox7 and GA2ox8, are shown to be active against 
C20-GAs (GA12 and GA53). Although they are not able to remove bioactive 
GAs, they can regulate GA biosynthesis by eliminating earlier intermediates 
of the pathway (Schomburg et al., 2003). GA2ox7 and GAox8 overexpression 
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lines show dwarf phenotype typical of GA-deficient mutant (Schomburg et al., 
2003). The double mutant of GA2ox7 and GA2ox8 has higher levels of 
bioactive GAs and also display phenotypes associated with excess GAs. 
Moreover, when grown in short days, ga2ox7 ga2ox8 double mutant exhibits 
higher cauline leaf/rosette leaf ratio due mainly to greater cauline leaf numbers 





Figure 1. Early steps of the gibberellin biosynthesis pathway. 
Synthesis of GA12 from GGDP is catalysed by four kinds of enzymes: CPS, 
KS, KO and KAO. They constitute the first two stages of GA biosynthetic 
pathway in Arabidopsis. CPS and KS are localized in the stroma of plastids. 
KO is localized on the outer surface of the plastid envelope. KAO is 





Figure 2. Late steps of gibberellin biosynthesis pathway from GA12 and 
deactivation by GA2ox enzymes. 
The three bioactive GAs (GA1, GA3 and GA4) are indicated with red ten 
pointed stars. GA7 is synthesized from GA9 (not shown). 20ox denotes 
GA20ox enzymes. 3ox denotes GA3ox enzymes. 2ox denotes GA2ox 
enzymes against C19-GA. 2ox* denotes GA2ox enzymes against C20-GA. 
Solid arrow means one-step reaction. Dotted arrow means three-step reaction 
and loss of one carbon.   
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1.1.2 Gibberellin signalling pathways 
Bioactive GAs can be bound by GIBBERELLIN INSENSITIVE DWARF1 
(GID1). The GA receptor GID1 was first identified in rice by studying a GA-
insensitive dwarf mutant (Ueguchi-Tanaka et al., 2005). Later it was found 
that there are three GID1 proteins in Arabidopsis, GID1a, GID1b and GID1c 
(Nakajima et al., 2006). The gid1a gid1b gid1c triple mutant in Arabidopsis 
has even more severe phenotype than the GA-deficient ga1-3 mutant (Griffiths 
et al., 2006). The protein crystal structure of GID1 has been reported in both 
rice (Shimada et al., 2008) and Arabidopsis (Murase et al., 2008). GID1 
occludes bioactive GAs in a deep pocket covered by its N-terminal helical 
switch region, forming a structure that can interact with the DELLA proteins 
(Murase et al., 2008), and leading to the ubiquitination and degradation of 
DELLA proteins (Figure 3). The F-box proteins GID2 in rice and SLEEPY1 
(SLY1) in Arabidopsis, which are components of SCF E3 ubiquitin ligase 
complexes, have been identified to target the GA-GID1-DELLA complex for 
proteasome-mediated degradation (Sasaki et al., 2003; McGinnis et al., 2003; 
Griffiths et al., 2006).  
DELLA proteins are encoded by a family of five genes in Arabidopsis: 
REPRESSOR OF ga1-3 (RGA), GA-INSENSITIVE (GAI), RGA-LIKE1 
(RGL1), RGL2, and RGL3. DELLA proteins are conserved repressors of GA 
signalling that act immediately downstream of the GA receptor GID1s to 
modulate all aspects of GA-induced growth and development in plants 
(Zentella et al., 2007). Loss-of-function mutants of DELLA genes can rescue 
the phenotypes of the severe GA-deficient mutant ga1-3 (Lee et al., 2002; 
Cheng et al., 2004; Tyler et al., 2004). Deletion of the DELLA domain in 
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gain-of-function mutants gai-1 and rga-∆17 results in a GA-unresponsive 
dwarf phenotype (Peng et al., 1997; Dill and Sun, 2001). All DELLA-GFP 
fusion proteins examined exhibit nuclear localization in transgenic plants (Sun, 
2008), suggesting their roles as transcription factors. Although DELLA 
proteins do not have DNA binding domain, they can interact with other 
transcription factors to regulate gene expression. For example, DELLA 
proteins interact with PHYTOCHROME INTERACTING FACTOR3 (PIF3) 
to antagonize its ability to bind target genes, thus controlling hypocotyl 
elongation (Feng et al., 2008). DELLA proteins also suppress FT expression 
by interacting with PIF4 at low temperature (Kumar et al., 2012). DELLA 
proteins indirectly suppress the expression of SUPPRESOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) by interacting with Nuclear 
factor Y (NF-Y) complex (Hou et al., 2014). In addition, DELLA proteins 
play important roles in GA homeostasis by direct feedback regulation on the 






Figure 3. GA signalling pathways in Arabidopsis. 
Bioactive GA can be recognized by its receptor GID1 and this induces a 
conformational change in the N-terminal helical switch region for DELLA 
binding.  The SCF
SLY1
 E3 ubiquitin ligase complexes then bind and 
polyubiquitinate DELLA proteins, leading to the degradation of DELLA 
proteins by 26S proteasome. The GA responses are turned on afterwards. 
DELLA proteins can interact with various transcription factors (such as PIF3, 




1.1.3 Gibberellin homeostasis 
The GA homeostasis in plant is tightly maintained via feedback and 
feedforward regulation of GA metabolism. PAC is a GA synthetic inhibitor 
that can reduce KO activity, thus reducing final bioactive GA levels. 
Microarray analysis has shown that GA synthetic genes GA20ox1, GA20ox2, 
and GA20ox3 are downregulated by GA3 treatment, while upregulated by PAC 
treatment (Ribeiro et al., 2012). Similarly, GA3ox1 and GA3ox2 are also 
downregulated by GA3 treatment and upregulated by PAC treatment (Ribeiro 
et al., 2012), suggesting that GA can feedback to regulate the expression of 
GA synthetic genes. It is also noteworthy that other GA20ox and GA3ox genes 
are not under the control of feedback regulation. They may be playing minor 
role in the GA biosynthesis (GA20ox4 and GA20ox5) or not expressed during 
vegetative stage (GA3ox3 and GA3ox4). GA catabolic genes GA2ox1, GA2ox2, 
GA2ox3, GA2ox4, GA2ox7 and GA2ox8, however, are downregulated by GA3 
treatment and upregulated by PAC treatment (Ribeiro et al., 2012), suggesting 
that GA also feedforwards to regulate its own catabolism. In the ga20ox1 
ga20ox2 double mutant, GA3ox1 is upregulated and GA2ox1 is downregulated 
(Rieu et al., 2008b). Many studies have been carried out to show that GA20ox, 
GA3ox and GA2ox genes, which catalyse later steps of GA biosynthesis or 
early steps of GA catabolism, are under tight control to maintain GA 
homeostasis (Thomas et al., 1999; Rieu et al., 2008b; Sun, 2008; Yamaguchi, 
2008).  
For the early steps of GA biosynthesis, only GA3 (encoding KO) is slightly 
downregulated by GA3 treatment and upregulated by PAC treatment. Other 
genes GA1, GA2 and KAO1/2 are not apparently under feedback regulation by 
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GA levels (Helliwell et al., 1998; Ribeiro et al., 2012). This is consistent with 
the observation that overexpression of these genes (GA1, GA2 and GA3) has 
wild-type levels of bioactive GAs and do not display any GA overdose 
morphology (Swain et al., 2005; Fleet et al., 2003). Some of the GA signalling 
pathway genes are also affected by GA levels. For example, GID1B, RGL1, 
RGL2, and RGL3 are upregulated by GA3 treatment and downregulated by 
PAC treatment, though the change is to a less extent compared with that of 
GA20ox, GA3ox and GA2ox genes (Ribeiro et al., 2012). RGA and GAI are 
rapidly upregulated in Arabidopsis root in response to GA4 treatment 
(Middleton et al., 2012).  
High GA levels lead to downregulation of GA biosynthetic genes (GA20ox 
and GA3ox) and upregulation of GA catabolic genes (GA2ox), and vice versa 
(Figure 4). This response will typically occur within 15-30 min after 
exogenous GA treatment (Middleton et al., 2012; Zentella et al., 2007). 
However, the molecular mechanisms underlying this homeostatic regulation 
have yet to be elucidated. GA signalling components, including GID1, 
DELLA and SLY1, are believed to be required in the feedback regulation 
(Yamaguchi, 2008; Middleton et al., 2012). For example, the rga gai double 
mutant has lower GA3ox1 levels even in the ga1-3 severe GA-deficient 
background (Dill and Sun, 2001), suggesting that RGA and GAI have 
redundant functions in the feedback upregulation of GA3ox1. Similar numbers 
of genes were found to be downregulated or upregulated by RGA during floral 
organ development using a 35S:RGA-GR inducible line (Hou et al., 2008). 
Bioactive GA4 is bound by GID1 and this binding induces a relative slow 
conformational change of the GA4-GID1 complex (Middleton et al., 2012). 
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This is perhaps the rate-limiting step of GA signalling pathway. Mutation of 
the rice GID1 results in upregulation of OsGA20ox2 and accumulation of 
bioactive GA1 (Ueguchi-Tanaka et al., 2005).  
 
1.1.4 Regulation of GA homeostasis by other transcription factors 
The GA biosynthetic genes are regulated by some transcription factors 
downstream of the GA signalling pathways. Recent finding has demonstrated 
that two homologs GATA, NITRATE-INDUCIBLE, CARBON-
METABOLISM INVOLVED (GNC) and GNC-LIKE (GNL), acting 
downstream of DELLA and PIF transcription factors, may also be involved in 
the GA feedback regulation (Richter et al., 2010). The gnc gnl double mutant 
partially suppresses the GA biosynthesis defect of the ga1 mutant. Moreover, 
GNC or GNL overexpression lines have similar gene expression pattern with 
ga1 mutant. GA3ox1 is downregulated in gnc gnl and upregulated in GNC or 
GNL overexpression lines, while GA2ox2 is upregulated in gnc gnl and 
downregulated in GNC or GNL overexpression lines (Richter et al., 2010). 
Whether GNC and GNL can help to maintain GA homeostasis by directly 
regulating GA biosynthetic and catabolic genes remains to be seen. The 
DELLA proteins have been found to have direct protein-protein interaction 
with SCARECROW-LIKE 3 (SCL3) to antagonize each other in controlling 
both downstream GA responses and upstream GA biosynthetic genes (Zhang 
et al., 2011).  SCL3 is found to downregulate GA20ox2 and GA3ox1 transcript 
levels, opposite to the effects of DELLA. The scl3 mutant is less responsive to 
GA treatment and has elevated GA20ox gene expression levels, indicating 
SCL3 functions as a positive regulator of GA signalling. However, neither 
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DELLA nor SCL3 proteins are able to bind to the promoters of GA 
biosynthetic genes GA20ox2 and GA3ox1. They are likely to associate with 
target DNA indirectly by forming a regulatory complex with other 
transcription factors (Zhang et al., 2011).  
Recent findings have shown that GAI-ASSOCIATED FACTOR (GAF1) 
interacts with GAI in vivo to directly regulate the expression of GA20ox2, 
which is under GA feedback regulation (Fukazawa et al., 2014). GAF1 
recruits GAI as coactivator and TOPLESS RELATED (TPR) as corepressor. 
GA converts the GAF1 complex from transcriptional activator to repressor via 
the degradation of DELLA (Fukazawa et al., 2014). DELLA proteins are 
regarded as key regulators in the feedback regulation of GA signalling 
pathway and many proteins have been identified to interact with DELLA, 
including PIF3, PIF4, SCL3, NF-Y and JAZ1 (Feng et al., 2008; Kumar et al., 
2012; Zhang et al., 2011; Hou et al., 2014; Hou et al., 2010). Yet few of them 
are shown to participate in the feedback regulation of GA homeostasis by 
regulating GA biosynthetic and catabolic genes. The molecular methanisms of 
GA homeostasis are still largely unknown.  
GA pathway is one of the important pathways that control the floral transition. 
Because of the crosstalk among different pathways in the floral transition, GA 
homeostasis is also modulated by components from other pathways. The 
MADS box protein SHORT VEGETTIVE PHASE (SVP) is the key player in 
the vernalization pathway, in which it forms a heterodimer with 
FLOWERING LOCUS C (FLC) to strongly repress flowering before bolting. 
Recently, it has been found that SVP also plays a role in the GA pathway to 
downregulate GA20ox2 in the shoot apical meristem (SAM) to delay 
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flowering (Andrés et al., 2014). Microarray experiments have shown that the 
svp-41 null mutant has higher GA20ox2 levels, but lower GA20ox1 and 
GA2ox2/6 levels (Gregis et al., 2013). Though the svp-41 mutant has higher 
bioactive GA4 levels, the GA20ox2 expression is upregulated because of the 
loss of suppression by SVP (Andrés et al., 2014). However, no direct 
association by SVP to the GA20ox2 locus was found using ChIP assay, 
suggesting that SVP may regulate GA20ox2 expression through other 
components. Another two GA biosynthetic pathway genes, the GA3ox1 and 
GA3ox2 are found to be repressed and directly bound in the first exon by 
TEMPRANILLO (TEM), which also has a pivotal role in the direct repression 
of FT (Osnato et al., 2012). TEM counteracts with CONSTANS (CO) in 
response to light and circadian clock to delay flowering (Castillejo and Pelaz, 
2008). In maize, the KNOTTED1 (KN1) transcription factor directly regulates 
GA2ox1 in the shoot apical meristem to control GA accumulation (Bolduc and 
Hake, 2009). The binding site in maize GA2ox1 gene by KN1 is conserved 
across the grasses (Bolduc and Hake, 2009). These results suggest that the GA 
biosynthetic pathway genes are regulated by various transcription factors from 
outside the GA biosynthetic and signalling pathway, making the GA 






Figure 4. GA homeostasis maintained by regulation of GA biosynthetic 
and catabolic genes.  
High GA levels lead to downregulation of GA biosynthetic genes (GA20ox 
and GA3ox) and upregulation of GA catabolic genes (GA2ox), and vice versa. 
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1.2 Floral transition and bolting transition in Arabidopsis 
The transition from vegetative to reproductive phase in plant is called floral 
transition. The hallmark of reproductive phase is the differentiation of flowers, 
in which seeds are produced eventually. Many studies have been carried out to 
find out the environmental and developmental cues that regulate the floral 
transition, especially in the model species Arabidopsis. Arabidopsis is 
considered as a quantitative long-day species that flowers much earlier under 
long days (LD) than under short days (SD). During the floral transition of 
Arabidopsis, the shoot apical meristem initiates to produce floral primordia 
instead of leaf primordia. The floral transition in Arabidopsis is also associated 
with other morphological changes including bolting and leaf shape 
modification. The floral transition is commonly evaluated in terms of 
flowering time. Because of the difficulty in observing the initiation of the first 
flower primordium directly, the flowering time in Arabidopsis is usually 
recorded as time to bolting, the rosette leaf number or the total leaf number 
(Pouteau and Albertini, 2009). The total leaves include both rosette leaves and 
cauline leaves. The cauline leaf zone is between the rosette and the true 
inflorescence and is characterized by the production of morphogenetic units 
composed of a cauline leaf, an axillary flowering shoot and an internode 
(Pouteau and Albertini, 2009). The first elongated internode marks the end of 
rosette leaf and the beginning of cauline leaf (Figure 5).  
Time to bolting is measured by the time needed to bolt: the elongation of the 
floral stem to a certain height (usually 1cm). Rosette leaf number is the total 
number of rosette leaves right after bolting without counting axillary leaves. 
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Both the bolting time and rosette leaf number measure the flowering time 
based on macroscopically visible event bolting, which is usually coupled with 
flower initiation. They can be regarded as measurement of bolting transition 
rather than floral transition. It was reported that in optimal flowering 
conditions, the bolting and floral transition are coupled and the rosette leaf 
number and total leaf number are equally relevant to evaluate reproductive 
phase change. However, in non-optimal flowering conditions (such as short 
days), the bolting and floral transition are not coupled. The bolting node and 
the floral node are not determined at the same time under SD (Pouteau and 
Albertini, 2009).  
Some mutants also exhibit the uncoupling of bolting transition and floral 
transition even in optimal conditions. The leafy (lfy) mutant can bolt with 
normal number of rosette leaves but has numerous cauline leaves (Schultz and 
Haughn, 1991; Huala and Sussex, 1992). That is how the gene name comes 
about. If the flowering time is measured by rosette leaf number or bolting time, 
the lfy mutant has no flowering time defect. However, if the flowering time is 
measured by total leaf number, then the lfy mutant is late-flowering. Another 
mutant pin-formed 1 (pin1) has completely lost cauline leaf, lateral branch and 
flower on the bolted stem (Okada et al., 1991). Instead only a pin-like 
structure is formed in pin1 mutant. Only a slight delay of bolting time was 
observed in pin1 mutant (Okada et al., 1991). The PIN1 gene is involved in 
the polar transport of auxin and also affects LFY distribution around the SAM 
(Vernoux et al., 2000). In addition, the pin-like structure is also found in 
mutants of other genes that associate with auxin action, including PINOID 
(Bennett et al., 1995) and MONOPTEROS (Hardtke and Berleth, 1998).  
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On the contrary, the severe GA-deficient mutant ga1-3 (in Ler) produces 
sterile flowers directly from rosette without bolting under LD. Under SD 
however, the ga1-3 mutant never flowers without exogenous application of 
GA (Wilson et al., 1992).  The rga gai double mutant can restore the bolting 
phenotype but not the sterile phenotype of ga1-3 (Dill and Sun, 2001). These 
results support that gibberellin signalling is crucial for stem elongation and 
bolting transition. The counterpart of Ler ga1-3 mutant in Col, ga1, does bolt 
slightly with a long delay between flowering and bolting (Tyler et al., 2004). 
This can be explained by the observation that the erecta (er) mutation in Ler 
enhances a GA-related dwarf phenotype (Fridborg et al., 2001). 
Arabidopsis overexpressing a rice derived gene Oryza sativa-GROWTH-
REGULATING FACTOR1 (OsGRF1) has flowers developing inside rosette 
without concomitant stem elongation. The stem elongation of the OsGRF1 
overexpression plants is severely inhibited, which could not be recovered by 
the application of GA (van der Knaap et al., 2000). Mutants lacking the GA 
receptor GID1 also exhibit a severe dwarf phenotype that cannot be rescued by 
GA (Griffiths et al., 2006). The triple mutant of gid1a/b/c of Arabidopsis has a 
more severe dwarf phenotype compared to ga1, probably because ga1 mutant 
plant can take up some airborne ent-kaurene synthesized by nearby plants and 
released in the atmosphere (Otsuka et al., 2004). In Arabidopsis, bolting, 
unlike flowering, has an absolute requirement for GA signalling (Mutasa-





Figure 5. Floral transition and bolting transition in Arabidopsis. 
Spatial organization of a typical Arabidopsis plant is shown on the left panel. 
The cauline leaf zone is between the rosette and the true inflorescence. The 
floral transition is marked by the initiation of first floral primordium (red 
areas). LFY is gradually upregulated in the leaf primordia until a threshold is 
reached to initiate the differentiation of flower primordia. The bolting 
transition is marked by the first elongated internode, which requires GA 
activity. According to the bi-directional model to explain the formation of the 
cauline leaf zone, bolting is proceeded by flower initiation.  
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1.3 The role of gibberellin in promoting bolting transition in Arabidopsis 
Since the discovery of gibberellin in the 1950s, the functions of gibberellin on 
plant development have been extensively studied. The discovery and isolation 
of gibberellin proved to be the turning point for the study of dwarfism and in 
the entire field of stem elongation (Sachs, 1965). Gibberellin was found to 
promote stem elongation in two rosette plants Hyoscyamus niger and Samolus 
parviflorus, solely through cell division in subapical areas in the initial 72 
hours after exogenous GA application (Sachs et al., 1959). This observation 
suggests that the mitotic activity in the subapical regions (ie. pith, cortical, and 
vascular tissues below the shoot apical meristem) is responsible for stem 
elongation and bolting in the early stage. The role of gibberellin on plant stem 
elongation has been found in all plant tested when treated with high 
concentration of gibberellin (Sachs, 1965). Study using excised stem sections 
of deepwater rice has shown that GA3 treatment promotes cell elongation first 
in preparation for the subsequent cell division. The cell division leads to 
increased cell number in the stem. A final cell elongation after cell division 
also contributes to the GA induced stem elongation (Sauter and Kende, 1992). 
The function of GA is not limited to the stem but also in other parts of plants. 
In leaf and root meristems, GA promotes cell division by degrading DELLA 
proteins, releasing the restrain of cell cycle activity caused by DELLA 
(Achard et al., 2009). The role of GA in promoting cell expansion has also 
been well studied (Olszewski et al., 2002; Dolan and Davies, 2004; Achard et 
al., 2009). It has been shown that GA regulates  cell  elongation  rather  than  
cell  division  during Arabidopsis  stamen  ﬁlament  elongation (Cheng et al., 
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2004). Overall, GA is required for cell division and cell expansion, both of 
which contribute to the normal development of plant. 
According to the bi-directional model to explain the formation of the cauline 
leaf zone, bolting is proceeded by flower initiation (Mutasa-Göttgens and 
Hedden, 2009; Pouteau and Albertini, 2009). The bolting transition occurs 
later than the floral transition, or possibly at the same time. As GA is 
absolutely required for bolting in Arabidopsis, the concentration and 
distribution of endogenous bioactive GA may affect the timing and position of 
the elongation of the first elongated internode. The severe GA-deficient 
mutant ga1-3 and GA signalling mutant gid1a/b/c have no elongated internode 
between leaves or flowers along the stem (Dill and Sun, 2001; Griffiths et al., 
2006). The Col ga1 mutant can bolt slightly after prolonged growth under LD 
but the elongated internodes are in the flower zone, so usually no cauline leaf 
is observed (Tyler et al., 2004). GA regulates the number of internodes that 
elongate upon bolting, as shown by the observation that ga20ox2 mutant has 
significantly reduced vegetative internodes and cauline leaves (Rieu et al., 
2008b). However, this phenotype is not observed in the ga20ox1 mutant, 
perhaps because there is no reduction of bioactive GA in the ga20ox1 single 
mutant (Rieu et al., 2008b). Mutations in the GA catabolic genes GA2ox7 and 
GA2ox8 cause increased bioactive GA levels. As a result, the double mutant 
ga2ox7/8 has more cauline leaves and less rosette leaves under SD 
(Schomburg et al., 2003). Exogenous application of GA to SD grown 
Arabidopsis induces early stem elongation and thus more cauline leaves (Xu et 
al., 1997). Exogenous application of GA to LD grown Arabidopsis can also 
result in fewer rosette leaves and more cauline leaves (Yamaguchi et al., 2014). 
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These results support that GA concentration and perhaps also GA distribution 
is crucial in the bolting transition. 
Indeed, GA4 accumulates in the shoot apex shortly before floral transition in 
SD grown Arabidopsis and the accumulation is possibly due to transport of 
GA from other parts of plants (Eriksson et al., 2006). Since the expression of 
GA biosynthetic genes GA20ox and GA3ox in the shoot apex didn’t increase 
when the GA levels started to rise, while GA catabolic genes GA2ox increased 
due to feedback regulation (Eriksson et al., 2006). GA may function as a 
mobile signal to induce bolting and flower initiation in the shoot apex like FT, 
though with little evidence (Mutasa-Göttgens and Hedden, 2009; Eriksson et 
al., 2006).  
 
1.4 The role of gibberellin in promoting floral transition in Arabidopsis 
Gibberellin pathway is one of the flowering pathways that lead to the floral 
transition and flower initiation. Other flowering pathways include photoperiod 
pathway, vernalization pathway, age pathway, thermosensory pathway and 
autonomous pathway. GA is required for flowering in Arabidopsis under SD, 
as shown by the evidence that the SD grown ga1-3 mutant failed to flower 
before senescence (Wilson et al., 1992). Under LD, however, the ga1-3 mutant 
is only slightly late flowering than Ler WT (Wilson et al., 1992; Hou et al., 
2014). The Col ga1 mutant is more obviously late flowering under LD, though 
the flowering time phenotype is not as significant as other traits such as 
dwarfism and dark green leaves (Hou et al., 2014). Under LD, the floral 
transition is dominated by photoperiod pathway in which CONSTANS (CO) 
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plays a major role (An et al., 2004). GA pathway only plays a minor role 
under LD to promote flowering.  
Exogenous application of GA to ga1-3 mutant was found to upregulate the 
expression of SOC1, but not FLC or FT, under SD (Moon et al., 2003). 
Overexpression of SOC1 can rescue the non-flowering phenotype of ga1-3 
under SD, though not as effective as overexpression of CO or FT (Moon et al., 
2003). The ga1-3 mutant has reduced LFY expression under LD and no LFY 
activity under SD (Blázquez et al., 1998), suggesting that GA also promote the 
expression of LFY. However, it is still largely unclear how GA regulates the 
expression of SOC1 and LFY. The molecular mechanism by which GA 
regulates SOC1 expression is still largely unknown (Lee and Lee, 2010). 
SOC1 may be regulated by GA indirectly through DELLA and nuclear factor 
Y (NF-Y) proteins (Hou et al., 2014). GA may regulate the expression of LFY 
through GAMYB proteins. MYB33 is one of the GAMYB proteins that have 
been shown to bind to a GA-response element (GARE) in the promoter of LFY 
(Gocal et al., 2001). MYB33 expression levels were upregulated in the shoot 
apex during floral transition (Gocal et al., 2001; Achard et al., 2004). The 
MYB33 transcript levels may be regulated by the microRNA MIR159, whose 
expression is indirectly controlled by GA though DELLA proteins (Achard et 
al., 2004). Until now, the evidence that GA regulates LFY is still limited and 
there is no simple correlation between GA levels and the transcriptional 
activity of LFY (Eriksson et al., 2006). For instance, 14-day-old SD grown 
seeding has high levels of GA4 in the shoot apex while LFY expression is quite 
low (Eriksson et al., 2006). It has also been shown that after floral transition, 
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LFY causes a reduction of gibberellin levels in the inflorescence (Yamaguchi 
et al., 2014).  
 
1.5 SOC1 as an MADS box protein 
SOC1 belongs to a large family of transcription factors called MADS box 
proteins that are present in the majority of eukaryotic organisms. MADS refers 
to the four founding members containing the conserved DNA binding domain 
(Schwarz-Sommer et al., 1990). The MADS domain is composed of 56-58 
amino acids. Structure analysis has shown that the N-terminal and central parts 
of the MADS domain has DNA binding ability while the C-terminal part has 
protein dimerization ability (Smaczniak et al., 2012a). There are two types of 
MADS box genes in Arabidopsis, type I and type II. The functions of type I 
genes are not characterized until recently, while type II genes participate in 
various developmental processes. The type II MADS box genes includes the 
famous floral homeotic genes (ABCE model genes) APETALA1 (AP1), 
APETALA3 (AP3), PISTILLATA (PI), AGAMOUS (AG) and SEPALATA1-4 
(SEP1-4). Plant type II MADS box proteins have a typical MIKC structure. 
They are composed of four characteristic domains: the MADS box (M), an 
intervening region (I), a keratin box (K) and a C-terminal domain (C) from the 
N-terminal to the C-terminal the protein (Riechmann and Meyerowitz, 1997). 
The I domain link MADS and K domain together, and is necessary for the 
dimerization and functional specificity of each MADS protein (Krizek and 
Meyerowitz, 1996; Riechmann and Meyerowitz, 1997). The conserved K 
domain is unique to plant MADS box proteins and is probably involved in 
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protein-protein interaction (Riechmann and Meyerowitz, 1997). Finally, the C 
domain is highly variable and may functions in transcriptional activation 
activity (Cho et al., 1999; Honma and Goto, 2001).  
Type II MADS box proteins can form higher-order complexes involving more 
than two homologous proteins, probably relying on the highly conserved K 
domain (Kaufmann et al., 2005). CArG box is the consensus MADS domain 
binding motif with the DNA sequence CC[A/T]6GG, which can be bound by a 
MADS dimer.  A tetrameric MADS protein complex consisting of two dimers 
can thus bind to two CArG boxes on a single DNA sequence and thereby 
generates a DNA loop between the two binding sites (Kaufmann et al., 2005). 
The CArG boxes have been found within close proximity in many genes 
including MADS box genes. The higher-order complexes formed by MADS 
box proteins provide a modular basis for the regulatory control on promoters 
of downstream targets, which can be further refined by specific recruitment of 
ternary non-MADS factors (Kaufmann et al., 2005). For example, the floral 
homeotic MADS box proteins have been found to interact with chromatin 
remodelling factors CHROMATIN REMODELING 4 (CHR4), CHR11， and 
CHR17, to modulate the promoter structure of their target genes (Smaczniak et 
al., 2012b). The histone H3K27 demethylase RELATIVE OF EARLY 
FLOWERING 6 (REF6) is also involved in forming higher-order complexes 
with the floral homeotic MADS box proteins (Smaczniak et al., 2012b). As a 
vital member of the MADS box family, SOC1 has been shown to interact with 
more than twenty MADS box proteins including itself in Arabidopsis in large 
scale yeast two-hybrid assays (Table 1) (Consortium, 2011; de Folter et al., 
2005). Considering that SOC1 is expressed in various tissues and 
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developmental stages, the complexes formed by SOC1 with MADS box 
proteins and other transcriptional co-factors probably possess different 






Figure 6. Model of higher-order complexes formed by MADS box 
proteins. 
In this model, four MADS box proteins form a quaternary complex that binds 
to two CArG boxes in close proximity. A gene loop is thus established. 
Subsequently the quaternary complex recruits other transcriptional co-factors 
to modulate the promoter structure of the target gene and control its expression.  
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Table 1. List of proteins that have interaction with SOC1 in yeast two-
hybrid assays.  
AGI Protein name MADS Role 
AT1G15750 TPL (TOPLESS)  TXN 
AT1G24260 SEP3 (SEPALLATA3) √ TXN 
AT1G26310 CAL (CAULIFLOWER) √ TXN 
AT1G69120 AP1 (APETALA1) √ TXN 
AT1G71692 AGL12 (AGAMOUS-LIKE 12) √ TXN 
AT2G01760 RR14 (RESPONSE REGULATOR 14)  TXN 
AT2G03710 SEP4 (SEPALLATA4) √ TXN 
AT2G14210 AGL44 (AGAMOUS-LIKE 44) √ TXN 
AT2G22540 SVP (SHORT VEGETATIVE PHASE) √ TXN 
AT2G22630 AGL17 (AGAMOUS-LIKE 17) √ TXN 
AT2G24550 unknown  unknown 
AT2G42830 SHP2 (SHATTERPROOF 2) √ TXN 
AT2G45650 AGL6 (AGAMOUS-LIKE 6) √ TXN 
AT2G45660 SOC1 (SUPPRESSOR OF OVEREXPRESSION OF CO 1) √ TXN 
AT3G02310 SEP2 (SEPALLATA 2) √ TXN 
AT3G06720 IMPA1 (IMPORTIN ALPHA ISOFORM 1)  TR 
AT3G49180 RID3 (ROOT INITIATION DEFECTIVE 3)  SIG 
AT3G54220 SCR (SCARECROW)  TXN 
AT3G57230 AGL16 (AGAMOUS-LIKE 16) √ TXN 
AT3G58780 SHP1 (SHATTERPROOF 1) √ TXN 
AT3G61120 AGL13 (AGAMOUS-LIKE 13) √ TXN 
AT4G11880 AGL14 (AGAMOUS-LIKE 14) √ TXN 
AT4G22950 AGL19 (AGAMOUS-LIKE 19) √ TXN 
AT4G24540 AGL24 (AGAMOUS-LIKE 24) √ TXN 
AT4G37940 AGL21 (AGAMOUS-LIKE 21) √ TXN 
AT5G04600 unknown  RB 
AT5G13790 AGL15 (AGAMOUS-LIKE 15) √ TXN 
AT5G15800 SEP1 (SEPALLATA1) √ TXN 
AT5G22290 NAC089 (NAC DOMAIN CONTAINING PROTEIN 89)  TXN 
AT5G47100 CBL9 (CALCINEURIN B-LIKE PROTEIN 9)  SIG 
AT5G47570 unknown  CM 
AT5G47590 unknown  unknown 
AT5G51870 AGL71 (AGAMOUS-LIKE 71) √ TXN 
AT5G60910 AGL8 (AGAMOUS-LIKE 8) √ TXN 
AT5G62165 AGL42 (AGAMOUS-LIKE 42) √ TXN 
Protein-protein interactions are from large scale yeast two-hybrid studies (de 
Folter et al., 2005; Consortium, 2011). A total of 24 proteins among 35 
proteins identified are MADS box proteins. TXN, transcription; TR, transport; 
SIG, signal transduction; RB, RNA binding; CM, cellular metabolism.   
32 
 
1.6 SOC1 as a floral integrator 
SOC1 was first identified through a screening of loss-of-function mutants that 
can suppress the phenotype of the overexpression of CO, which is extremely 
early flowering (Onouchi et al., 2000). Mutation in the locus SOC1 is able to 
partially suppress the early flowering phenotype of 35S:CO. That’s why SOC1 
was initially designated SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1 (Onouchi et al., 2000). SOC1 and FT are direct targets of CO in 
the photoperiod pathway (Samach et al., 2000). CO interacts with NF-Y 
proteins to form a complex to bind the upstream regulators of SOC1 and 
control its transcription (Hou et al., 2014). Overexpression of SOC1 has been 
shown to suppress the late flowering phenotype of FRI FLC in the 
vernalization pathway (Lee et al., 2000). Moreover, SOC1 promoter was found 
to be bound by FLC in vivo, suggesting that FLC may directly compete with 
CO to negatively regulate the expression of SOC1 (Hepworth et al., 2002; 
Deng et al., 2011). SOC1 is also indirectly regulated by GA as mentioned 
above.  
SOC1 has been shown to interact with AGAMOUS-LIKE 24 (AGL24) to 
form a heterodimer to regulate the expression of LFY (Lee et al., 2008). Using 
the SOC1 overexpression line soc1-101D, SOC1 was found to bind LFY 
promoter region (Lee et al., 2008). The binding of SOC1 to LFY promoter was 
also found using a 35S:SOC1-9MYC line (Liu et al., 2008). So SOC1 may 
promote flowering by directly upregulate the expression of LFY. Adding to 
this, the flc-3 soc1-2 agl24-1 triple mutant shows many leafy structures in the 
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inflorescence and floral defects (Deng et al., 2011), reminiscent of the 
phenotype of lfy mutant.  
SOC1 has also been shown to act in redundancy with FRUITFUL (FUL) to 
control the annual growth habit of Arabidopsis (Melzer et al., 2008). The 
double mutant soc1 ful shows perennial growth phenotype with extensive 
secondary growth during seed ripening, which has never been observed before. 
Moreover, the double mutant forms aerial rosette in the cauline leaf node, 
suggesting a role of SOC1 in regulating plant architecture (Melzer et al., 2008). 
SOC1 also appears to act cooperatively with FUL to upregulate LFY (Balanzà 
et al., 2014).  
 
1.7 LFY and plant inflorescence architecture 
LFY is a transcription factor that is only found in plant species, and it is found 
as a single gene in most land plant species (Moyroud et al., 2010). The LFY 
gene is conserved throughout land plant species, from bryophytes to flowering 
plants (Maizel et al., 2005). Based on sequence similarity, LFY proteins have 
two highly conserved domains: an N-terminal dimerization domain and a C-
terminal DNA binding domain (Maizel et al., 2005; Hames et al., 2008). 
Changes in the two conserved domains are responsible for most of the 
functional differences among different species (Maizel et al., 2005). The 
crystal structure of the C-terminal DNA binding domain bound to DNA has 
been resolved. It has a novel seven-helix fold that binds DNA as a cooperative 
dimer that forms base-specific contacts in both major and minor groves 
(Hames et al., 2008). A TGG(A/T)CC(C/A) motif and a GA-rich motif have 
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been identified as potential LFY binding sequences in a ChIP-chip study 
(Winter et al., 2011). LFY plays a central role in regulating many other floral 
homeotic genes during flower development and is regulated by them in turn 
(Siriwardana and Lamb, 2012). 
LFY has long been regarded as the master regulator of flowering. During floral 
transition of Arabidopsis, LFY is gradually upregulated in the leaf primordia 
until a threshold is reached to initiate the differentiation of flower primordia 
(Benlloch et al., 2007). LFY directly induces the expression of APETALA1 
(AP1) in the flower primordia (Moyroud et al., 2010). Yet LFY expression is 
excluded in the centre of the shoot apical meristem through the suppression of 
TERMINAL FLOWER 1 (TFL1) (Bradley et al., 1997). Concomitantly, TFL1 
expression is excluded in the floral meristem possibly by LFY and AP1 
(Benlloch et al., 2007), both of which bind directly to the TFL1 locus (Winter 
et al., 2011; Kaufmann et al., 2010). The cooperative function of 4 MADS-box 
genes: SOC1, AGL24, SHORT VEGETATIVE PHASE (SVP) and SEPALLATA 
(SEP4) has also been shown to suppress the expression of TFL1 in the floral 
meristem (Liu et al., 2013).  
The inflorescence of Arabidopsis is indeterminate in that its shoot apex keeps 
producing new flowers without ending with a terminal flower. The floral 
transition is the end of the vegetative stage and the beginning of reproductive 
stage, after which the SAM becomes inflorescence meristem and initiates the 
production of floral meristem on its flanks. The dominant activities of LFY 
and AP1 in the floral meristem determines the formation of flowers, while the 
dominant activity of TFL1 in the SAM prevents it from assuming the floral 
identity and is responsible for the indeterminate growth of inflorescence (Liu 
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et al., 2013). The tfl1 mutant produces a terminal flower after forming a few 
flowers along the inflorescence (Shannon and Meeks-Wagner, 1991). 
Overexpression of TFL1 by the 35S promoter causes much delayed flower 
formation and numerous secondary shoots (Ratcliffe et al., 1998). On the 
contrary, the strong lfy loss-of-function mutant is unable to produce normal 
flowers. Instead secondary shoots are formed from where flowers should 
occur (Schultz and Haughn, 1991). LFY overexpression lines convert both 
apical and axillary meristem into terminal flowers, and also promote the 
growth of axillary meristems (Moyroud et al., 2010; Chahtane et al., 2013). 
Overall, TFL1 and LFY are responsible for shoot and flower development, 
respectively. The antagonism between TFL1 and LFY forms the basis of plant 






Figure 7. Schematic diagrams showing the roles of LFY and TFL1 in 
plant inflorescence architecture. 
(A) Model of the antagonism between LFY and TFL1 in the shoot apex. In WT 
plant, LFY activity in the lateral primordium suppresses TFL1 in order to 
specify the floral meristem (FM) identity. On the contrary, the dominant 
activity of TFL1 in the SAM prevents it from assuming the floral identity and 
is responsible for the indeterminate growth of inflorescence. In lfy mutant, the 
expression of TFL1 in the lateral primordium prevents flower formation and 
results in iterative growth of lateral branches. In tfl1 mutant, the expression of 
LFY in the SAM abolishes indeterminate growth of the inflorescence, which 
ends up with a terminal flower. 
(B) The plant inflorescence architectures of WT, lfy, and tfl1. The lfy mutant 
has more cauline leaves and lateral branches than WT plant. The tfl1 mutant 
produces a terminal flower that frequently appears to be the fusion of two or 
three flowers. Leaves (irregular ellipses), stems/shoots (lines), flowers (red 
circles), and shoot meristems (arrows).  
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1.8 Scope and objectives of the study 
SOC1 is a versatile gene that has many functions in different development 
stages of Arabidopsis. The roles of SOC1 in promoting floral transition as well 
as in floral organ development have been well characterized. Yet it also 
controls the bolting transition, which is closely linked to the floral transition. 
Bolting is the result of elongation of internodes, which is stimulated by the 
plant hormone GA. SOC1 also participates in controlling bolting transition of 
Arabidopsis probably by modulating GA levels. Mutation of SOC1 causes late 
flowering as well as lower cauline/rosette leaf ratio, while overexpression of 
SOC1 exhibits early flowering and higher cauline/rosette leaf ratio. How 
SOC1 modulates GA levels is still unknown. The GA homeostasis is tightly 
maintained via feedback and feedforward regulation of GA metabolism. I have 
found that SOC1 can directly regulate the expression of GA catabolism genes 
GA2ox1 and GA2ox2, and perhaps also other GA2ox genes. This study will 
focus on the role of SOC1 in bolting transition by modulating GA levels.  
Bolting transition and floral transition are responsible for the plant architecture 
determination. The success of floral transition requires the activity of LFY, 
which is also regulated by SOC1. Consequently, SOC1 may coordinately 
regulate both bolting transition and floral transition.  
The objectives of the study are: 
1. To characterize the central role of GA in promoting bolting 
transition. 




3. To examine the function of SOC1 in regulating LFY. 
4. To elucidate the role of SOC1 in plant architecture by controlling 















Chapter 2  
 
 




2.1 Plant materials and growth conditions 
The Arabidopsis plants were grown in growth room under LD (16 h light/ 8 h 
dark) or SD (8 h light/ 16 h dark) at 22 
o
C. Seeds were first stratified at 4 
o
C 
on filter paper for 3 days before being planted on soil and transferred to the 
growth room.  
All the plants used in this study are in the Columbia (Col) background. 
ga2ox1-1 (WiscDsLox_333C08) (Rieu et al., 2008a) and ga2ox1-2 
(SALK_020228C) seeds were obtained from the Arabidopsis Biological 
Resource Centre. ga2ox1-1 has a Ds insertion in the second exon. ga2ox1-2 
has a T-DNA insertion in the 3’UTR. The mutants soc1-2 and svp-41 were 
described before (Tao et al., 2012). co-1 pSUC2:CO was described before 
(Hou et al., 2014). 
For germination of ga1 (Salk_119105), seeds were stratified at 4 
o
C for 7 days 
with 100 µM GA3 added to promote germination. Later, the seeds were 
washed thoroughly to remove GA3 and sowed on soil. 
For GA treatment, plants were treated with 100 µM GA3 added with 0.01% 
Silwet L-77 every three days from 3DAG, unless stated otherwise. For PAC 
treatment, plants were treated with 10 µM PAC added with 0.01% Silwet L-77 
every three days from 3DAG. The mock treatment was 0.1% ethanol with 0.01% 
Silwet L-77 and it was treated at the same time. For DEX treatment to the lfy-1 





Table 2. Primers used for genotyping 
Name Primer sequence (5'-3') Note 
GA2ox1-1 gF TCTTCCGGTTCGATATCTCCCA For genotyping of ga2ox1-1 
(WiscDsLox_333C08), gF/gR=WT, 
gF/WiscDs-Lox=mutant 
GA2ox1-1 gR TGACCAAAACACGGACTCGAT 
WiscDs-Lox AACGTCCGCAATGTGTTATTAAGTTGTC 
   
GA2ox1-2 RP ATGATGGCTCATGGATCTCTG For genotyping of ga2ox1-2 
(SALK_020228C), RP/LP=WT, 
RP/LBb1.3=mutant 
GA2ox1-2 LP AAAACATTTGTCGACACTCGG 
LBb1.3 ATTTTGCCGATTTCGGAAC 
   
SOC1-R2 TGCCTCAGATAACGATCTATGGTAT For genotyping of soc1-2, R2/F1=WT, 
R2/JMLB2=mutant SOC1-F1 TGTGTGCAAGGGAAATTAACTAAAG 
JMLB2 TTGGGTGATGGTTCACGTAGTGGG 
   
ga1 RP TCTCTACTCGAGGCAAGCTTG For genotyping of ga1 
(Salk_119105), RP/LP=WT, 
RP/LBb1.3=mutant 
ga1 LP CAGACCCGAGACAGTAACTGC 
LBb1.3 ATTTTGCCGATTTCGGAAC 
   
lfy-1-geno-F CACCACCTCCGGTTCCACCTCCGCACTAG For genotyping of lfy-1, digest with 
SpeI, WT=187 bp, mutant=162+25 
bp. 
lfy-1-geno-R AGCTCCTCGTCCTTCATACC 
   










2.2 Plasmid construction 
2.2.1 Cloning design 
To construct gSOC1-2HA, a 7 kb SOC1 genomic sequence (with 3.2 kb 
promoter and 1 kb 3’UTR) was amplified with primers gSOC1-7k-F and 
gSOC1-7k-R. The PCR product was digested and cloned into the pGEMT 
vector. Then the vector was digested using NotI and the gSOC1 fragment was 
cloned into the entry vector NT007. A 2HA tag sequence was inserted at the 
end of the CDS of SOC1 using overlap extension PCR method with primers 
gSOC1-2HA-F and gSOC1-2HA-R. The resulting entry vector was subcloned 
into the destination vector pBGW for plant transformation.  
To construct BD-SOC1 for yeast two-hybrid assay, the CDS of SOC1 was 
amplified with primers SOC1-NdeI-F and SOC1-XmaI-R. The PCR product 
was digested and cloned into pGBKT7. The truncated version of SOC1-MIK 
without C domain was amplified with primers SOC1-NdeI-F and SOC1-MIK-
BamHI-R and then cloned into pGBKT7. The truncated version of SOC1-C 
with only C domain was amplified with primers SOC1-C-NdeI-F and SOC1-
XmaI-R and then cloned into pGBKT7. To construct the EAR domain mutated 
BD-SOC1mutEAR plasmid, the CDS of SOC1 was amplified with primers 
SOC1-NdeI-F and SOC1-mut-BamHI-R. The PCR product was digested and 
cloned into pGBKT7. The SOC1-mut-BamHI-R primer has relevant sites 
mutated. 
To construct AD-TPL for yeast two-hybrid assay, the N terminal 2.5 kb of TPL 
CDS was first amplified with primers TPL-Sfil-F and TPL-R3. The PCR 
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product was digested and cloned into pGADT7. Then the C terminal 1 kb of 
TPL CDS was amplified with primers TPL-C-BamHI-F and TPL-BamHI-R 
and inserted into AD-TPL-N to get the full length of AD-TPL. 
To construct 35S:SOC1-GR, the CDS of SOC1 was amplified with primers 
SOC1-ClaI-F and SOC1-XmaI-R2. The PCR product was digested and cloned 
into pGreen 35S:GR vector. The resulting plasmid was used for plant 
transformation. 
To construct gLFY-GR, a 5.4 kb LFY genomic sequence (with 2.4 kb promoter 
and 0.35 kb 3’UTR) was amplified with the primers gLFY-ClaI-F and gLFY-
SpeI-R. The PCR product was digested and cloned into the entry vector 
NT007. An XmaI cutting site was inserted at the end of LFY CDS before stop 
codon with primer gLFY-mut-F and gLFY-mut-R. The GR sequence was then 
amplified with primers GR-XmaI-F and GR-XmaI-R. The product was 
digested with XmaI and ligated into gLFY to generate gLFY-GR. The resulting 
entry vector was subcloned into the destination vector pBGW for plant 
transformation. 
To construct pSUC2:SOC1, the SOC1 CDS was amplified with primers 
SOC1-XmaI-F and SOC1-BamHI-R. The product was digested and cloned 
into the entry vector NT007-pSUC2 to generate pSUC2:SOC1.The resulting 





Table 3. Primers used for plasmid construction 


































2.2.2 PCR product amplification, purification, digestion, ligation, and 
transformation 
PCR amplification was performed using Phusion High-Fidelity DNA 
Polymerase (Thermo) according to the manufacturer’s instructions. Genomic 
DNA or cDNA was used as template to amplify the desired genes. The 
amplified PCR products were purified using FavorPrep™ GEL/PCR 
Purification Kit (Favorgen) according to the manufacturer’s instructions. The 
PCR fragments were subjected to digestion using appropriate restriction 
enzymes and buffer system (NEB). The vectors were digested at the same time. 
After purification again, the PCR fragments were ligated to the vectors using 
T4 ligase (Thermo) according to the manufacturer’s instructions. The ligation 
mix was transformed into E. coli competent cells (XL1-blue) using standard 
heat shock transformation method.  
 
2.2.3 Verification of clones, plasmids extraction, and sequencing 
For selection of the desired plasmids, colony PCR was performed. The 
positive colonies were incubated in LB with appropriate antibiotics overnight. 
Plasmids were extracted using Favorgen Miniprep Kit (Favorgen). The 
sequences of the extracted plasmids were determined using Sanger sequencing 
method with BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems). The ABI PRISM
TM
 377 DNA sequencer (Applied Biosystems) 
was used for automated sequencing. The sequences were analysed using 




2.2.4 LR recombination reaction 
For plasmids used for plant transformation, the destination vector pBGW with 
Basta resistance in plant was used. The entry vectors were subcloned into 
pBGW using LR recombination reaction with Gateway® LR Clonase® 
Enzyme mix (Invitrogen). Briefly, about 100 ng entry vectors and 100ng 
pBGW vectors were mixed with 1 µL clonase enzyme mix. TE buffer (pH8.0) 
was added to a final volume of 5 µL. The mixture was incubated at 25 degree 
for 1 h before transformation into E. coli competent cells (XL1-blue). The 
pBGW vector contains Spectinomycin resistance for selection on the plate. 
Plasmids were verified by sequencing as described in section 2.2.3. 
 
2.3 Gene expression analysis 
Plant total RNA was isolated with FavorPrep™ Plant Total RNA Mini Kit 
(Favorgen) according to the manufacturer’s instructions. RNase-free DNase 
(Qiagen) was used during the on-column digestion to remove genomic DNA 
contamination. About 1 µg of RNA was used for cDNA synthesis using M-
MLV First-Strand Synthesis System (Promega). After that the cDNA was used 
for real-time PCR using SYBR Green PCR Master Mix (Thermo). The 
reaction was loaded into 7900HT Fast Real-Time PCR system (Applied 
Biosystems). The difference between the cycle threshold (Ct) of the target 
gene and the Ct of TUBULIN BETA CHAIN 2 (TUB2) (∆Ct = Cttarget gene – 
CtTUB2) was used to obtain the normalized expression of target genes using the 
equation 2
-∆Ct




Table 4. Primers used for gene expression analysis 


































2.4 ChIP assay 
2.4.1 Fixation and nuclear extraction 
Plant materials were collected and fixed in MC buffer (10 mM potassium 
phosphate pH 7.0, 50 mM NaCl, and 0.1 M sucrose) with 1% formaldehyde 
freshly added. The materials were then infiltrated under vacuum pressure for 
40 min on ice. The vacuum was released every 10 min to facilitate the 
infiltration. The formaldehyde was quenched by incubating it with 0.15 M 
glycine for 10 min. The fixed tissues were then washed for two times using 
MC buffer. The fixed tissues can be stored at -80 ºC for prolonged time or 
used immediately for nuclear extraction. 
After grinding the fixed tissues in liquid nitrogen using mortar and pestle, the 
ground power was mixed thoroughly with 10ml cold nuclear extraction buffer 
(0.25 M sucrose, 15 mM PIPES pH 6.8, 5 mM MgCl2, 60 mM KCl, 15 mM 
NaCl, 1 mM CaCl2, 0.9 % Triton X-100). The buffer was added with 
proteinase inhibitor and PMSF before use. The slurry was centrifuged at 
10,000 g for 10 min at 4 ºC. The pellet should be white to light green after that. 
Discard the supernatant and reserve the pellet for sonication. 
 
2.4.2 Sonication and immunoprecipitation 
For sonication, the crude nuclear extract was resuspended with 0.5 ml 
sonication buffer (10 mM potassium phosphate pH 7.0, 0.1 mM NaCl, 0.5%  
sarkosyl,  and 10 mM EDTA), with proteinase inhibitor and PMSF added 
freshly. The samples were sonicated with Bioruptor® Standard sonication 
device (Diagenode) at high output with 30s on/30s off pulse for 30 min on ice. 
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The genomic DNA was sheared to a range of 200 bp to 500 bp. After 
sonication, the mixture was centrifuged at 14000 rpm for 10 min at 4 ºC and 
the supernatant was transferred to a new tube. About 50 µL of the supernatant 
was saved as input, from which the DNA was recovered as input DNA, and 
the remaining sample was subjected to immunoprecipitation.  
The remaining supernatant was diluted with an equal volume of IP buffer (50 
mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10 μM ZnSO4, 1% Triton 
X -100 and 0.05% SDS) and incubated with Dynabeads® magnetic beads (20 
µL) with HA antibody to pull down SOC1-2HA at 4 ºC overnight with gentle 
agitation. The buffer was added with proteinase inhibitor and PMSF. The 
beads were then washed with IP buffer for five times.  
 
2.4.3 DNA elution and purification 
To elute the DNA, the beads were incubated with 300 µL of elution buffer (50 
mM Tris pH 8.0, 1% SDS and 10 mM EDTA) for 15 min at 65 ºC with 
vigorous shaking. After precipitation using magnetic separation the 
supernatant was collected and the beads were eluted twice more with 100 µL 
of elution buffer each time. DNase free-RNase I was added and incubated at 
37 °C for 30 min to remove RNAs in the combined supernatant. Then it was 
reverse crosslinked by adding NaCl to a final concentration of 0.3 M and 0.5 
mg/ml Proteinase K and incubating overnight at 65 ºC.  
The released DNA was extracted by adding an equal volume of extraction 
buffer A (Phenol: chloroform: isoamyl alcohol 25:24:1). After centrifugation 
for 10 min, the aqueous layer was transferred to a fresh 1.5 ml eppendorf tube 
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and extracted again by adding an equal volume of extraction buffer B 
(chloroform: isoamyl alcohol 24:1). After centrifugation for 10 min, the 
supernatant was precipitated overnight at -20 
o
C by adding 3 M sodium acetate 
(1/10 volume), absolute ethanol (2.5 volumes), and glycogen (20 µg). DNA 
was eventually pelleted at 14000 rpm at 4 ºC for 15 min and the pellet was 
washed with cold 70% ethanol once. The pellet was dried by vacuum and 
dissolved in 40 µL water. The DNA can be used for analysis using real-time 
PCR. 
 
2.4.4 Calculation of fold enrichment 
After doing real-time PCR, the Ct values of each fragment in each sample 
were used to calculate the fold enrichment. Relative enrichment of each 
fragment was calculated first by normalizing the amount of target DNA 
fragment against a genomic fragment of TUBULIN BETA CHAIN 2 (TUB2) as 
an internal control following the equation 2
-(Ct_target – Ct_TUB2)
 to get relative 
abundance. Then the value of target gene fragment in eluent was compared to 
its value in input. Therefore, the overall equation was as following: 
 Fold enrichment = 2









Table 5. Primers used for ChIP assay 







































2.5 Plant transformation 
2.5.1 Electroporation 
The plasmids for plant transformation were first transformed into 
Agrobacterium tumefaciens GV3101 using electroporation method. The tubes 
containing Agrobacterium competent cells were thawed on ice for 15 min. The 
plasmids (100 ng) were mixed with the competent cells and the mixture was 
transferred to a pre-chilled Gene Pulser cuvette (Bio-Rad Cat. No. 165-2083). 
After electric pulse at 1.8 KV the cells were transferred into 1 ml LB medium 
for recovery at 28 
o
C for 3 h with gentle shaking. Thereafter, the cells were 
pelleted at 5000 rpm for 3 min and spread onto LB agar plate containing 25 
µg/ml rifampicin, 10 µg/ml tetracycline and appropriate plasmid selection 
antibiotic (50 µg/ml kanamycin for pGreen vectors and 50 µg/ml 
spectinomycin for pBGW vectors). The plates were incubated at 28 ºC for 3 
days and the colonies were verified by colony PCR. 
 
2.5.2 Floral dip 
The transformation of Arabidopsis plants was performed using floral dip 
method (Clough and Bent, 1998). The agrobacteria carrying the desired 
plasmids were inoculated into LB medium containing the same antibiotic 
selection maker as previous culturing plate at 28 ºC until the OD600 of the 
culture reached about 1. The agrobacteria were pelleted at 3000 rpm for 10 
min and resuspended in 30 ml transformation media (5% sucrose and 0.015% 
Silwet L-77). Plant inflorescences were dipped into the transformation media 
containing agrobacteria and gentle agitated for 1min. The transformed plants 
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were kept in dark for 24 h with high moisture. After that the plants were 
shifted to normal growth condition until seeds were dry.  
 
2.5.3 Transgenic plants selection 
Seeds were collected and sowed on soil for germination. The germinated 
plants were treated with 0.2% Basta twice a week to kill non-transgenic plants. 
The survival plants were transgenic plants carrying insertions. The insertions 
were confirmed by genotyping. 
 
2.6 Plant genotyping 
Plant tissues (a small piece of leaf) were harvested in 1.5 ml Eppendorf tube 
with a steel ball added. They were ground in 200 µL DNA extraction buffer 
(0.2 M Tris-HCl, pH 9.5, 0.4 M LiCl, 25 mM EDTA and 1% SDS) using 
Geno/Grinder (SPEX). The tubes were centrifuged at maximum speed for 10 
min to pellet the cell debris. 100 µL of the supernatant was transferred to a 
fresh tube containing 100 µL of isopropanol for DNA precipitation. After 
centrifugation at a maximum speed for 10 min, the supernatant was removed 
and the pellet was washed with 70% ethanol once. The pellet was dried by 




2.7 Yeast two-hybrid (Y2H) assay 
2.7.1 Yeast competent cell preparation 
Yeast two-hybrid assay was performed using Yeastmaker
TM
 Yeast 
Transformation system 2 (Clontech). The yeast strain Y2H Gold was used in 
this study. A yeast colony was inoculated into 50 ml YPDA medium (20 g/L 
Difco peptone, 10 g/L Yeast extract, 2% Glucose, 0.003% Adenine 
hemisulphate) and incubated at 30 ºC with shaking. When the OD600 reached 
0.4-0.5, the cells were pelleted at 700 g at room temperature for 5 min. The 
cells were suspended with 2 ml 1.1 x TE/LiAc solution (freshly prepared by 
diluting 10 x LiAc (1 M LiAc pH 7.5) and 10 x TE (0.1 M Tris pH 7.5, 10 
mM EDTA)), and transferred into two 1.5 ml Eppendorf tubes. The cells were 
again pelleted by centrifugation at maximum speed for 15 sec and resuspended 
with 600 µL 1.1 x TE/LiAc buffer. The competent cells are ready to use and 
can be kept on ice for several hours with no significant loss of activity.  
 
2.7.2 Yeast transformation 
The vectors (100 ng each) were first mixed with denatured Salmon Sperm 
Carrier DNA (5 µL) in a 1.5 ml Eppendorf tubes. Then the yeast competent 
cells (50 µL) and 0.5 ml PEG/LiAc (8 ml 50% PEG 3350, 1 ml 10 x TE and 1 
ml 10 x LiAc) were added and mixed thoroughly by vortexing. The mixture 
was incubated at 30 ºC for 30 min, with gentle mixing every 10 min. 
Subsequently the mixture was added with 20 µL DMSO and incubated at 42 
ºC for 15 min, with vortexing every 5 min. Then the cells were pelleted and 
washed with water once. The cells were resuspended in water and plated on 
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DDO plate (SD/-Trp/-Leu) and incubated at 30 ºC for 3 days. The grown 
colonies were picked and resuspended in water and plated again on DDO, 
TDO (SD/-Trp/-Leu/-His), and QDO (SD/-Trp/-Leu/-His/-Ade) plates. The 
interactions between two proteins can be determined by the growth of colonies 
on TDO and QDO plates. 
 
2.8 Histology sectioning 
2.8.1 Plant tissue fixation 
Plant samples were collected on different days after germination. Leaves and 
roots were removed to reveal only the shoot apex and surrounding tissues. The 
fixative solution for plant materials was prepared as follows: pH value of PBS 
buffer was adjusted to 11 using saturated NaOH and heated to 60 ºC. 
Paraformaldehyde was added and dissolved to reach final concentration of 
4%(w/v). After cooling, the fixative pH value was adjusted to 7.0 with H2SO4 
and kept on ice. The plant samples were directly collected into ice cold 
fixative solution. Vacuum was applied for 15 min and the solution was 
replaced. The samples were fixed overnight at 4 ºC with gentle agitation. 
 
2.8.2 Dehydration and staining 
Dehydration was performed at 4 ºC with gentle agitation by ethanol gradient: 
1X PBS wash 30 min twice, 30% EtOH 60 min, 40% EtOH 60 min, 50% 
EtOH 60 min, 60% EtOH 60 min, 70% EtOH 60 min (tissue can be stored for 
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several months in 70% EtOH), 85% EtOH 60 min, 95% EtOH+eosin 
overnight.  
The following steps were performed at room temperature with shaking: 100% 
EtOH+eosin 30 min, 100% EtOH+eosin 30 min, 100% EtOH+eosin 60 min, 
100% EtOH+eosin 60 min, 25% histoclear+75% EtOH 60 min, 50% 
histoclear+50% EtOH 60 min, 75% histoclear+25% EtOH 60 min, 100% 
histoclear 60 min, 100% histoclear 60 min, 100% histoclear + 1/4 volume 
paraplast chips overnight (no shaking).  
 
2.8.3 Embedding 
Samples in histoclear and paraplast chips were moved to 42 ºC until chips 
melted completely. Another 1/4 volume of chips were added and the samples 
were moved to 55 ºC for a few hours. Freshly melted chips were used to 
replace histoclear/wax mix and the samples were incubated overnight at 55 ºC. 
Replace with new wax twice a day for three days at 55 ºC. Subsequently the 
wax and samples were cooled down to solidify. The samples can be stored at 4 
ºC for a long time. 
 
2.8.4 Sectioning 
Leica RM2165 microtome (Leica) was used to section the plant materials into 
8 um thick. The sections were placed on ProbeOn Plus glass slides (Fisher 
Biotechnology). A few drops of water were added on the slides to float the 
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sections. The slides were kept on 42 ºC slides warmer to dry the water and 
make the tissues adhere to slide. Excessive water was removed by tissue paper.  
 
2.8.5 Staining with toluidine blue 
The tissues were stained using following solutions: 10 min histoclear twice, 1-
2 min 100% EtOH, 1-2 min 95% EtOH, 1-2 min 90% EtOH, 1-2 min 80% 
EtOH, 1-2 min 60% EtOH, 1-2 min 30% EtOH, 1-2 min 0.01% toluidine blue 
in water, 2 min water twice, 1-2 min 30% EtOH, 1-2 min 60% EtOH, 1-2 min 
90% EtOH. The sections were then imaged using light microscope. 
 
2.9 EMSA 
2.9.1 Expression and isolation of GST-SOC1 in E.coli 
The SOC1 CDS was cloned into pGEX4 and transformed into E.coli strain 
Rosetta. The proteins were induced by adding IPTG to a final concentration of 
1 mM when OD600 reaches 0.6. The culture was incubated at 37 ºC for 2 h 
with agitation for protein expression. The bacterial cells were pelleted by 
centrifugation at 3000 rpm for 10 min. The cells were resuspended in 1/20 
volume of PBS before shifting to small tube for sonication. The cells were 
sonicated at 3W output for 10 min on ice. Triton X-100 was added to a final 
concentration of 1% and the lysate was left on ice for 30 min. The lysate was 
centrifuged at 10000 rpm at 4 
o




Before using the glutathione sepharose 4B beads (Amersham Biosciences), the 
beads were washed with 10 bed volume of PBS to remove ethanol. The beads 
were added to the lysate and incubated overnight at 4 ºC with gentle shaking. 
After washing with PBS for several times, the proteins were eluted several 
times using 10 mM free glutathione. The protein concentration was quantified 
by standard Bradford assay. The protein was divided into aliquots and stored 
in -80 ºC freezer. 
 
2.9.2 Running gel and blotting 
Biotin-labelled primers were used to amplify DNA fragments as probes. The 
probes were mixed with 10 µL 2X EMSA buffer (40 mM Tris-HCl pH 8.0, 
200 mM KCl, 2 mM EDTA, 2 mM DTT, 24% glycerol, 0.5 mg/ml BSA, 4 
ng/µL poly dI•dC, 4 ng/µL salmon sperm DNA) with GST-SOC1 proteins 
added in advance. The negative controls with GST empty proteins or no 
protein were done at the same time. The mixture was incubated at room 
temperature for 20 min and then loaded to newly-prepared native 
polyacrylamide gel. Run the gel at 100 V for about 50 min then transfer to 
nylon membrane at 380 mV for 30 min in 0.5X TBE buffer. The nylon 
membrane was crosslinked by UV. The membrane can be stored at room 
temperature for prolonged time. 
 
2.9.3 Detect biotin-labelled DNA by Chemiluminescence 
The nylon membrane was blocked for 45 min in blocking buffer (5%SDS, 125 
mM NaCl, 25 mM sodium phosphate, pH 7.2). Thereafter the antibody 
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Streptavidin-Horseradish Peroxidase Conjugate (Thermo) was added and 
incubated for 5 min. The membrane was washed with 0.1X blocking buffer 
twice for 5 min. After that the membrane was incubated with Supersignal 
West Pico Chemiluminescent substrate (Thermo) for 10 min in the dark before 
developing with X-ray film.  
 
2.10 Chlorophyll measurement 
Total chlorophyll was measured using the method described before (Porra et 
al., 1989). The shoots of plants grown under LD for 10 days were collected 
and accurately weighed. 10 plants were combined in a tube as a replicate. 400 
µL of methanol was added to the tube as well as a steel ball. The plants were 
ground thoroughly using Geno/Grinder (SPEX). After centrifugation at high 
speed for 5min, the supernatant was collected into a new tube. The debris was 
extracted twice using 300 µL methanol each time. The supernatant was 
combined for absorbance measurement in 1.00 cm cuvettes. The absorbance at 
665.2 nm, 652.0 nm, and 750 nm was measured. Total chlorophyll 
concentration (nmol/ml) was calculated using the equation Chls 























3.1 Phenotype characterization of soc1-2 mutant and 35S:SOC1 
overexpression lines 
The soc1-2 mutant exhibited late flowering phenotype under LD conditions. 
This is consistent with the role of SOC1 in promoting flowering. Consistently, 
the two 35S:SOC1 overexpression lines we have got were both extremely 
early-flowering under LD conditions (Figure 9). These results suggest that 
SOC1 is able to promote floral transition under LD. We have also noticed that 
although the soc1-2 mutant was late-flowering with about twice the number of 
rosette leaves than WT under LD, the cauline leaf number of soc1-2 didn’t 
increase proportionally. As a result, the ratio of cauline leaf to rosette leaf 
(CL/RL) of soc1-2 was significantly less than that of WT (Figure 8). On the 
contrary, the 35S:SOC1 transgenic plants were early-flowering with only 
about 3-4 rosette leaves under LD, but the cauline leaf number was even 
higher than that of WT. The CL/RL ratio of 35S:SOC1 was about 1, while in 
WT the ratio was only 0.25. We have also compared the CL/RL ratio of 
35S:SOC1 with other early flowering plants. The CL/RL ratio of 35S:SOC1 
was much higher than those of other early flowering plants (Figure 10). 
Actually only 35S:SOC1 exhibited a CL/RL ratio of more than 0.5. The 
CL/RL ratio reflects the relative allocation of leaves along the stem. It is 
determined by the first internode that elongates, which marks the boundary of 
rosette leaf and cauline leaf. The lower CL/RL ratio in soc1-2 and higher 
CL/RL ratio in 35S:SOC1 imply a role of SOC1 in promoting bolting 
transition.   
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When grown under SD, the soc1-2 mutant still exhibited later flowering 
phenotype than WT regarding to the rosette leaf number, but the cauline leaf 
number of soc1-2 was actually slightly less than that of WT. As a result, the 
CL/RL ratio of soc1-2 was less than that of WT under SD. The 35S:SOC1 
overexpression line flowered slightly later under SD compared with when 
grown under LD. The CL/RL ratio of 35S:SOC1 under SD was similar with 
under LD (Figure 11). These results suggest under both LD and SD, SOC1 is 
able to promote bolting transition and floral transition. As the two lines of 
35S:SOC1 exhibited almost the same phenotypes, we will not distinguish them 






Figure 8. Phenotypic characterization of WT, soc1-2, and 35S:SOC1 
plants grown under LD. 
(A) Rosette leaf number of WT, soc1-2, 35S:SOC1 #1, and 35S:SOC1 #2.  
35S:SOC1 has two different transgenic lines.  
(B) Cauline leaf number of WT, soc1-2, 35S:SOC1 #1, and 35S:SOC1 #2.  
(C) Cauline/Rosette leaf ratio of WT, soc1-2, 35S:SOC1 #1, and 35S:SOC1 #2. 
*** denotes P<10
-3
 based on two-tailed Student’s t test.  




Figure 9. soc1-2 exhibits late flowering while 35S:SOC1 exhibits early 
flowering under LD. 
(A) Flowering phenotypes of representative 24DAG WT, soc1-2, and 
35S:SOC1 under LD.  






Figure 10. Comparison of 35S:SOC1 to other early flowering plants. 
(A) Rosette and cauline leaf number of 35S:SOC1 and other early flowering 
plants grown under LD. 35S:SOC1 has the highest cauline leaf number 
compared to other early flowering plants. 
(B) Cauline/Rosette leaf ratio of 35S:SOC1 and other early flowering plants 
grown under LD. Note that only 35S:SOC1 has a CL/RL ratio of more than 
0.5. 




Figure 11. Phenotypic characterization of WT, soc1-2, and 35S:SOC1 
plants grown under SD. 
(A) Rosette leaf number of WT, soc1-2, and 35S:SOC1 grown under SD. 
(B) Cauline leaf number of WT, soc1-2, and 35S:SOC1 grown under SD. 




3.2 Bolting transition is delayed in soc1-2 and hastened in 35S:SOC1 
As we have shown that soc1-2 exhibited late flowering and 35S:SOC1 
exhibited early flowering under both LD and SD, we wondered when the 
bolting transition occurred in soc1-2 and 35S:SOC1. To know that, we 
performed tissue sectioning on shoot apices collected every second day from 
5DAG to 15DAG grown under LD. The results showed that WT bolted on 
about 11DAG to 13DAG, while soc1-2 didn't have any sign of bolting before 
15DAG. 35S:SOC1 bolted much earlier than WT, on about 7DAG to 9DAG 
(Figure 12). These results suggest that bolting transition was delayed in soc1-2 




Figure 12. Bolting transition is delayed in soc1-2 and hastened in 
35S:SOC1.  
Sections were prepared from shoot apices of plants grown under LD and 
harvested every second day from 5DAG to 15DAG. The sections were stained 




3.3 GA promotes bolting transition of Arabidopsis 
GA and GA signalling has been shown to be required for stem elongation and 
bolting in Arabidopsis. Exogenous application of GA makes plants to grow 
taller and thinner than normal plants. On the contrary, application of PAC 
inhibits GA synthesis and thus leads to phenotypes typical of GA-deficient 
plants. We have shown that in addition to increasing internode elongation 
length, GA can also affect the number of internodes that elongate upon bolting. 
GA application at an early stage of growth (3DAG) reduced rosette leaf 
number and increased cauline leaf number in LD grown WT, soc1-2, and 
35S:SOC1 plants (Figure 13). On the contrary, PAC application had the 
opposite effects: rosette leaf number was increased while cauline leaf number 
was reduced. Consequently, the CL/RL ratio was increased by GA treatment 
and reduced by PAC treatment, especially for 35S:SOC1 (Figure 13).These 
results suggest that GA levels affect the leaf distribution of Arabidopsis grown 
under LD.  
SOC1 has also been shown to affect the leaf distribution of Arabidopsis. The 
reduced CL/RL ratio of soc1-2 can be rescued by GA application, while the 
phenotype of SOC1 overexpression could be largely attenuated by PAC 
application. These observations provoked us to think that SOC1 may affect 
leaf distribution by regulating GA levels.  
Under SD, when GA plays a predominant role in promoting flowering, the 
effect of GA on leaf distribution is even more significant. As shown in figure 
14, GA application remarkably increased CL/RL ratio of WT plants grown 
under SD, while PAC application significantly reduced the ratio. Under LD, 
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GA can only slightly promote flowering because photoperiod pathway is the 
main pathway to induce flowering. Under SD, however, GA significantly 
promotes flowering as shown by the reduced total leaf number (Figure 14).  
To see whether the initial application time of GA affects the CL/RL ratio of 
plants, we treated WT and soc1-2 plants with GA beginning on different days 
after germination (Figure 15). The results showed that for WT, earlier 
treatment with GA resulted in higher CL/RL ratio. Treatments that were 
started later had less effect on CL/RL ratio. Treating the WT plants with GA 
from 21DAG had marginal effect on CL/RL ratio. For soc1-2, treatment from 
0DAG to 12DAG resulted in similar CL/RL ratios. After 12DAG, the CL/RL 
ratio declined rapidly. The CL/RL ratio of soc1-2 plants treated with GA from 
24DAG was still much higher than mock-treated plants, indicating that 
24DAG soc1-2 is still able to alter leaf distribution in response to GA 
treatment. These results suggest that the effect of GA on CL/RL ratio is 
stronger when plants are treated at early stages of development, when the 





Figure 13. The effect of GA or PAC treatment on the leaf distribution of 
WT, soc1-2, and 35S:SOC1 grown under LD. 
(A) The rosette leaf number of WT, soc1-2, and 35S:SOC1 after GA, Mock, or 
PAC treatment. 
(B) The cauline leaf number of WT, soc1-2, and 35S:SOC1 after GA, Mock, 
or PAC treatment. 
(C) The CL/RL ratio of WT, soc1-2, and 35S:SOC1 after GA, Mock, or PAC 
treatment. 





Figure 14. The effect of GA or PAC treatment on the leaf distribution of 
WT grown under SD. 
(A) Rosette and cauline leaf number of WT after GA, Mock, or PAC treatment. 
(B) CL/RL ratio of WT after GA, Mock, or PAC treatment. 





Figure 15. The effect of initial GA treatment time on the CL/RL ratio of 
WT and soc1-2 grown under LD.  
WT and soc1-2 plants were grown under LD and divided into different groups. 
GA treatment was carried out beginning from 0DAG to 24DAG in 3 days 
interval. After the beginning of GA treatment, the treatment was repeated 
every 3 days. The ratios of CL/RL of different groups were calculated.  
(A) The CL/RL ratio of WT after GA treatment beginning in 3 days interval. 
(B) The CL/RL ratio of soc1-2 after GA treatment beginning in 3 days interval. 
(C)(D) Representative 32DAG WT and soc1-2 plants treated with GA from 
3DAG. Note the increased cauline leaf number.  
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3.4 Chlorophyll content is increased in soc1-2 and reduced in 35S:SOC1 
GA regulates plant growth and development in many aspects, including 
germination, stem elongation, pollen formation, and chlorophyll accumulation. 
The chlorophyll content of GA-deficient plants (such as ga1-3) is increased, 
leading to dark green leaves. On the contrary, the chlorophyll content of GA-
abundant plants (such as plants treated with exogenous GA) and della mutants 
is reduced. So the levels of chlorophyll can serve as a good indicator of GA 
levels. We thus have measured the total chlorophyll content of WT, soc1-2, 
and 35S:SOC1 grown under LD (Figure 16). The results showed that soc1-2 
had higher chlorophyll content while 35S:SOC1 had lower chlorophyll content, 
indicating that soc1-2 has higher GA levels while 35S:SOC1 has lower GA 
levels. When treated with exogenous GA, the chlorophyll content of all three 
genotypes decreased. When treated with PAC, the chlorophyll content of all 






Figure 16. The effect of GA or PAC treatment on the chlorophyll content 
of WT, soc1-2, and 35S:SOC1 grown under LD. 
10DAG WT, soc1-2, and 35S:SOC1 shoot samples were harvested for 




3.5 Overexpression of SOC1 in ga1 background still has no cauline leaf 
GA is absolutely required for bolting in Arabidopsis, the severe GA-deficient 
mutant ga1-3 in Ler background has no elongated internode between leaves or 
flowers along the stem (Dill and Sun, 2001). The ga1 mutant in Col 
background can bolt slightly after prolonged growth under LD, but the 
elongated internodes are in the flower zone, so usually no cauline leaf is 
observed (Tyler et al., 2004). The ga1 mutant also exhibits late flowering 
phenotype under LD. As SOC1 also controls bolting transition in Arabidopsis, 
we thus created a ga1 35S:SOC1 line by crossing to see whether the 
overexpression of SOC1 can rescue the bolting defect of ga1 mutant. The 
results showed that 35S:SOC1 could completely rescue the late flowering 
phenotype of ga1 (Figure 17A). However, the ga1 35S:SOC1 plants produced 
no cauline leaf, just like ga1 single mutant. After prolonged growth under LD, 
the slightly bolted stem of ga1 35S:SOC1 had only infertile flowers (Figure 
17D). Both ga1 and ga1 35S:SOC1 had no cauline leaf, so only rosette leaves 
were calculated. Actually the rosette leaf number of ga1 35S:SOC1 was only 
slightly higher than the total leaf number of 35S:SOC1, suggesting that the 
floral transition in ga1 35S:SOC1 is largely determined by 35S:SOC1, while 
the bolting transition in ga1 35S:SOC1 is largely determined by ga1 mutation. 
These results indicate that the function of SOC1 in regulating bolting 





Figure 17. Phenotypic characterization of ga1 35S:SOC1 grown under LD. 
(A) Rosette leaf number of ga1 and ga1 35S:SOC1. No cauline leaf can be 
observed. 
(B) Phenotype of representative 27DAG ga1 plant. No flower is visible. 
(C) Phenotype of representative 27DAG ga1 35S:SOC1 plant. Several floral 
buds are visible at rosette level. 
(D) Flowering phenotype of representative 52DAG ga1 and ga1 35S:SOC1 





3.6 Expression patterns of the GA synthetic and catabolic genes 
The soc1-2 mutant showed low CL/RL ratio, which is typical of GA-deficient 
plants, such as plants treated with PAC. While 35S:SOC1 showed high CL/RL 
ratio, which resembles plants treated with an overdose of GA. These results 
provoked us to examine the expression patterns of GA synthetic and catabolic 
genes in soc1-2 and 35S:SOC1. Many genes in the GA biosynthetic and 
catabolic pathways are under feedback or feedforward regulation by the GA 
levels. For example, the GA biosynthetic genes GA20ox1, GA20ox2, and 
GA3ox1 are downregulated by high levels of GA and upregulated by low 
levels of GA. The GA catabolic genes GA2ox1-4 are upregulated by high 
levels of GA and downregulated by low levels of GA. We thus examined the 
expression patterns of these genes. The results showed that under LD, 
GA20ox1, GA20ox2, and GA3ox1 were upregulated in soc1-2 and 
downregulated in 35S:SOC1 (Figure 18). This is reasonable because GA 
levels should be low in soc1-2 and high in 35S:SOC1. After feedback 
regulation, the low levels of GA in soc1-2 will promote the expression of GA 
biosynthetic genes GA20ox1, GA20ox2, and GA3ox1, while the high levels of 
GA in 35S:SOC1 will suppress the expression of them. GA20ox2 and GA3ox1 
are shown to be tightly and rapidly regulated by GA levels (Middleton et al., 
2012). Their expression patterns are consistent with the altered GA levels in 
soc1-2 and 35S:SOC1. 
We have also examined the expression the GA catabolic genes. Surprisingly, 
GA2ox1 was also upregulated in soc1-2 and downregulated in 35S:SOC1 
(Figure 19). This is not as expected because as a GA catabolic gene, GA2ox1 
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should be downregulated in GA-deficient soc1-2 and upregulated in GA-
abundant 35S:SOC1. The abnormal expression of GA2ox1 may be the key to 
explain the phenotypes of soc1-2 and 35S:SOC1. Further examination of the 
expression patterns of other GA2ox genes showed that GA2ox2, GA2ox4, and 
GA2ox6 were all upregulated in soc1-2 and downregulated in 35S:SOC1. The 






Figure 18. GA biosynthetic genes are upregulated in soc1-2 and 
downregulated in 35S:SOC1.  
WT, soc1-2, and 35S:SOC1 plants were grown under LD. Whole seedling 
samples were collected on 9DAG for RNA extraction. The expression levels 





Figure 19. GA catabolic genes are upregulated in soc1-2 and 
downregulated in 35S:SOC1.  
WT, soc1-2, and 35S:SOC1 plants were grown under LD. Whole seedling 
samples were collected on 9DAG for RNA expression. The expression levels 
of GA2ox1, GA2ox2, GA2ox4, and GA2ox6 were examined.  
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3.7 The ga2ox1 mutants exhibit early flowering and higher CL/RL ratio 
We have got two lines of ga2ox1 mutants: ga2ox1-1 and ga2ox1-2. ga2ox1-1 
has a Ds insertion in the second exon while ga2ox1-2 has a T-DNA insertion 
in the 3’UTR. When grown under LD, ga2ox1-1 and ga2ox1-2 plants flowered 
slightly earlier than WT plants. The CL/RL ratios of ga2ox1-1 and ga2ox1-2 
were higher than WT (Figure 20). This is probably because of the higher GA 
levels due to loss-of-function of GA catabolic gene GA2ox1. When grown 
under SD, the ga2ox1 mutants also exhibited early flowering and higher 






Figure 20. Phenotypic characterization of WT, ga2ox1-1, and ga2ox1-2 
plants grown under LD. 
(A) Rosette leaf and cauline leaf number of WT, ga2ox1-1, and ga2ox1-2.   
(B) CL/RL ratio of WT, ga2ox1-1, and ga2ox1-2.  ** denotes P<10
-2
 based on 
two-tailed Student’s t test. 
(C) Flowering phenotypes of representative 27DAG WT, ga2ox1-1, and 
ga2ox1-2 plants. 




Figure 21. Phenotypic characterization of WT, ga2ox1-1, and ga2ox1-2 
plants grown under SD. 
(A) Rosette leaf and cauline leaf number of WT, ga2ox1-1, and ga2ox1-2.   
(B) Cauline/Rosette leaf ratio of WT, ga2ox1-1, and ga2ox1-2.  *** denotes 
P<10
-3




3.8 Overexpression of GA2ox1 causes late flowering and low CL/RL ratio 
We have also created overexpression of GA2ox1 lines by transforming 
35S:GA2ox1 into WT plants. As a GA catabolic gene, overexpression of 
GA2ox1 is expected to cause GA-deficient phenotypes. Indeed, the two 
35S:GA2ox1 lines we got both exhibited typical GA-deficient phenotypes such 
as late flowering, dark green leaves, short internodes, and low fertility (Figure 
23), though not as severe as the strong ga1 mutant. The CL/RL ratios of the 
two 35S:GA2ox1 lines were much lower compared with WT, which is also as 





Figure 22. Phenotypic characterization of WT, 35S:GA2ox1 #1, and 
35S:GA2ox1 #2 plants grown under LD. 
(A) Rosette leaf and cauline leaf number of WT, 35S:GA2ox1 #1, and  
35S:GA2ox1 #2. 
(B) CL/RL ratio of WT, 35S:GA2ox1 #1, and 35S:GA2ox1 #2.The CL/RL 





Figure 23. Flowering phenotypes of representative 45DAG WT, 
35S:GA2ox1 #1, and 35S:GA2ox1 #2 plants.  
The two 35S:GA2ox1 lines exhibited typical GA-deficient phenotypes such as 




3.9 GA2ox1 and GA2ox2 are the direct targets of SOC1 
Previously, it was found that SOC1 directly binds to the promoter region of 
GA2ox1 by ChIP-chip, which was performed using 9DAG whole seedlings of 
a SOC1 overexpression line soc1-101D (Tao et al., 2012). Later, a ChIP-seq 
study using transition apices of a soc1-2 gSOC1-GFP line also confirmed the 
binding of SOC1 to the promoter region of GA2ox1 (Immink et al., 2012). 
Moreover, the binding sites on the promoter of GA2ox1 are targeted to a same 
region in both studies. These results suggest that SOC1 may directly bind to 
the promoter of GA2ox1 to regulate its expression. We thus performed ChIP 
assay using a soc1-2 gSOC1-2HA line that has fully rescued the late flowering 
phenotype of soc1-2 (Figure 24). The results showed that SOC1 was able to 
bind to a region about 2.7 kb upstream of the transcription start site of GA2ox1, 
which is the same region as illustrated by previous large-scale studies (Figure 
25). Coincidently, there are three consecutive CArG boxes within 60 bp of the 
targeted region. CArG box is a consensus DNA sequence specifically 
recognised by MADS box proteins. So it is highly probable that SOC1 
proteins bind to the three consecutive CArG boxes directly. Indeed, EMSA 
assay has shown that SOC1 can strongly bind to the biotin-labelled fragments 
containing the three CArG boxes in vitro (Figure 26).  
Although GA2ox2 was not among the lists of SOC1 binding genes by ChIP-
chip and ChIP-seq (Tao et al., 2012; Immink et al., 2012), we have found that 
SOC1 actually binds to GA2ox2 promoter about 200 bp upstream of the 
transcription start site (Figure 27). There is only one CArG box in the binding 




Figure 24. A soc1-2 gSOC1-2HA line that has fully rescued the late 
flowering phenotype of soc1-2. 
(A)The soc1-2 gSOC1-2HA line has similar leaf number with WT plants. 
(B) Flowering phenotypes of representative 32DAG WT and soc1-2 gSOC1-




Figure 25. ChIP analysis showing direct binding of SOC1 to GA2ox1 
promoter. 
The upper panel is the schematic diagram of GA2ox1 gene with 3.5 kb 
promoter. DNA fragments amplified for ChIP analysis are indicated by short 
bars. The lower panel is the ChIP analysis of SOC1 binding to the GA2ox1 
promoter. 15DAG whole seedlings of WT and soc1-2 gSOC1-2HA were 
collected for ChIP analysis using anti-HA antibody. WT served as a negative 





Figure 26. EMSA assay showing that SOC1 binds to GA2ox1-2 fragments 
in vitro. 
The upper panel is the GA2ox1-2 sequence used for ChIP. The three 
consecutive CArG boxes with 1 or 2 mismatch to the consensus sequence 
CC(A/T)6GG are underlined. The lower panel is the EMSA result showing 
GST-SOC1 protein is able to bind GA2ox1-2 fragments in vitro. The biotin-
labelled GA2ox1-2 fragments were incubated with or without GST/GST-




Figure 27. ChIP analysis showing direct binding of SOC1 to GA2ox2 
promoter. 
The upper panel is the schematic diagram of GA2ox2 gene with 2 kb promoter. 
DNA fragments amplified for ChIP analysis are indicated by short bars. The 
lower panel is the ChIP analysis of SOC1 binding to the GA2ox2 promoter. 
15DAG whole seedlings of WT and soc1-2 gSOC1-2HA were collected for 
ChIP analysis using anti-HA antibody. WT served as a negative control. SOC1 




3.10 SOC1 directly regulates the expression of GA2ox1 and GA2ox2 
SOC1 expression is one of the earliest available markers for floral induction at 
the shoot apical meristem (Samach et al., 2000). Under SD, the SOC1 
expression in the shoot apex is largely suppressed. Upon transfer to LD, the 
inductive photoperiod, SOC1 is rapidly upregulated in the shoot apical 
meristem within 16 hours (Searle et al., 2006). The rapid upregulation of 
SOC1 in the shoot apical meristem serves as a good natural inducible system 
to study the regulatory function of SOC1. After 16 days under SD, the Col WT 
plants were shifted to LD to induce the upregulation of SOC1 in the shoot 
apical meristem. The expression levels of SOC1 and GA2ox1 were examined 
using materials enriched for shoot apex. SOC1 was upregulated gradually after 
shift to LD for 1LD and 3LD, while GA2ox1 expression was downregulated 
concomitantly during the same period (Figure 28). These data indicate that 
SOC1 may suppress the expression of GA2ox1 in the shoot apex. However, 
the expression of GA2ox2 was unexpectedly upregulated after the shift, which 
may be caused by the feedforward regulation of GA homeostasis because the 
GA levels should be increased after the shift.  
We have also created a 35S:SOC1-GR line that was able to mimic the 
35S:SOC1 early flowering phenotype if treated with DEX during early days 
after germination. The 35S:SOC1-GR plants were treated with DEX to see the 
immediate effects of SOC1 on the expression of GA2ox1 and GA2ox2. The 
results showed that GA2ox1 and GA2ox2 were both downregulated by SOC1-





Figure 28. SOC1 and GA2ox1/2 expression in the shoot apex after shift 
from SD to LD.  
WT plants were grown under SD for 16 days, and then shifted to LD at dawn. 
The 0LD materials were harvested 8h after dawn, which represented the end 
of SD. 1LD and 3LD materials were harvested 24h and 72h later than 0LD, 
respectively. The materials were enriched for shoot apex. 
(A) SOC1 expression was increased in the shoot apex after shift. 
(B) GA2ox1 expression was decreased in the shoot apex after shift. 






Figure 29. GA2ox1 and GA2ox2 expression levels after DEX treatment in 
35S:SOC1-GR. 
(A) Representative 25DAG 35S:SOC1-GR plants mock-treated or DEX-
treated from 5DAG. The DEX-treated plants were as early-flowering as 
35S:SOC1 plants. 
(B) GA2ox1 and GA2ox2 are downregulated upon DEX treatment. 10DAG 
35S:SOC1-GR plants were treated with DEX or mock-treated. Whole 
seedlings were collected after 0h, 2h, and 4h of treatment. The expression 
levels of DEX-treated plants were first normalized to TUB2, and then 




3.11 SOC1 may interact with TOPLESS to suppress GA2ox expression 
SOC1 belongs to the family of type II MADS box proteins that share a typical 
MIKC structure, which is composed of four different domains. The MADS 
domain is the DNA binding domain and also functions in the dimerization. 
The I domain links MADS and K domain together, and is necessary for the 
dimerization. The K domain is probably responsible for protein-protein 
interactions. Finally, the C domain is the least conserved region of MADS box 
proteins and has diversified functions. Previously in a large scale yeast two-
hybrid screening assay, SOC1 has been found to interact with more than 30 
various proteins (Consortium, 2011). While most of the interacting partners 
are also MADS box proteins, one exception is TOPLESS (TPL) (Table 1). 
TPL has been regarded as a transcription corepressor that can be recruited 
directly or indirectly by DNA-binding transcription factors to repress target 
gene expression (Long et al., 2006). It contains a TUP1/GRO domain that was 
first identified in Drosophila and Saccharomyces. In Arabidopsis, TPL has 
four close homologs TOPLESS-RELATED 1-4 (TPR1-4), which act 
redundantly with TPL (Long et al., 2006). The first transcription factor that 
was found to interact with TPL is WUSCHEL (WUS) (Kieffer et al., 2006). 
WUS functions to ensure stem cell maintenance by recruiting transcriptional 
corepressors to repress target genes that promote differentiation (Kieffer et al., 
2006). Three short conserved protein sequences in the C terminal domain of 
WUS are responsible for the interaction with TPL (Kieffer et al., 2006). One 
of them is an ERF-ASSOCIATED AMPHIPHILIC REPRESSION (EAR) 
motif with the consensus amino acid sequence LxLxL, which is also present in 
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the BRASSINAZOLE RESISTANT1 (BZR1) and mediates the interaction 
between BZR1 and TPL (Oh et al., 2014).  
In order to find out how SOC1 represses the expression of GA2ox1/2, we 
performed yeast two-hybrid assay using truncated versions of SOC1 to verify 
the interaction between SOC1 and TPL. The results showed that the MIK 
domains of SOC1 were not able to interact with TPL, while the C domain was 
sufficient to interact with TPL, and the interaction was as strong as full length 
SOC1 (Figure 30). So the C domain of SOC1 is responsible for the interaction 
with TPL. Next we examined the sequence of the C domain and only a partial 
EAR motif, LxIxL, was found in it. To examine whether this partial EAR 
motif is able to interact with TPL, we mutagenized the partial EAR motif into 
AxIxA. The mutagenized SOC1 was completely abolished to interact with 
TPL (Figure 31). Therefore, the partial EAR motif in the C domain of SOC1 
mediates the interaction with TPL. As GA2ox1 and GA2ox2 were directly 
downregulated by SOC1, we propose that SOC1 possibly recruits TPL to 






Figure 30. Yeast two-hybrid assay showing the C domain of SOC1 is 
responsible for the interaction with TPL.  
The upper panel is the MIKC diagram of SOC1 protein. The amino acid 
numbers are labelled above. The lower panel is the yeast two-hybrid result. 
Yeast colonies were grown on DDO (SD-Trp-Leu), TDO (SD-Trp-Leu-His), 
or QDO (SD-Trp-Leu-His-Ade). SOC1-MIK contains the MIK domains. 





Figure 31. Mutation in the partial EAR motif of SOC1 C domain 
abolishes the SOC1-TPL interaction.  
Two Leu residues of the partial EAR motif of SOC1 were substituted to Ala. 
Yeast colonies were grown on DDO (SD-Trp-Leu), TDO (SD-Trp-Leu-His), 




3.12 LFY affects cauline leaf number but not rosette leaf number 
LFY is one of the floral integrators that integrate various endogenous and 
environmental cues of flowering to induce floral transition. LFY is upregulated 
in the emerging leaf primordia gradually during floral transition until a 
threshold is reached to initiate the formation of floral primordium (Benlloch et 
al., 2007). The strong loss-of-function mutant lfy-1 is unable to produce 
normal flowers; instead secondary shoots are formed from where flowers 
should occur (Schultz and Haughn, 1991). In WT Arabidopsis, the secondary 
shoots are usually subtended with cauline leaves. In lfy-1 mutant however, the 
early formed secondary shoots are subtended with cauline leaves while the late 
formed secondary shoots are without cauline leaves. Because the formation of 
flowers are delayed or abolished in lfy mutant, it has more total leaves 
produced along the main stem than WT plants. We have compared the rosette 
and cauline leaf number of the strong mutant lfy-1 and the weak mutant lfy-2 
with that of WT. The results showed that lfy-1 and lfy-2 produced similar 
number of rosette leaves compared with WT. However, the cauline leaf 
numbers of lfy-1 and lfy-2 were much more than that of WT, resulting in 
higher CL/RL ratios (Figure 32). These results indicate that in lfy mutants the 
bolting transition is normal, while the floral transition is delayed due to the 
lack of LFY activity.  
To further validate this notion, we created a lfy-1 gLFY-GR transgenic line. 
The GR domain was fused to the C terminal of LFY drived by its native 
promoter. So the expression of LFY-GR should represent native LFY 
expression pattern. Upon treatment of DEX, the LFY-GR chimeric proteins 
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will move into the nucleus to regulate downstream targets of LFY. The lfy-1 
gLFY-GR plants were initially treated with DEX on different days in 3 days 
interval from 3DAG to 21DAG. The results showed that the rosette leaf 
number was unaffected by DEX treatment. However, the cauline leaf number 
increased gradually with the time of the initial DEX treatment. DEX treatment 
before 9DAG was able to fully rescue the leafy phenotype, suggesting that 
before 9DAG LFY is not required as only leaf primordia are formed. From 
12DAG to 21DAG, the cauline leaf number increased steadily, suggesting that 
LFY is essential for the initiation of floral primordium (Figure 33). The 
initiation of floral primordium results in the cease of leaf formation. The 
active function of LFY in the nucleus upon DEX treatment marks the 





Figure 32. lfy mutants produce more cauline leaves than WT.  
(A) Rosette and cauline leaf numbers of WT, lfy-2, and lfy-1 grown under LD. 
(B) CL/RL ratios of WT, lfy-2, and lfy-1 grown under LD. 
(C) Flowering phenotypes of representative 31DAG WT and 33DAG lfy-2, 





Figure 33. The effect of DEX treatment on the leaf number of lfy-1 gLFY-
GR.  
The lfy-1 gLFY-GR plants were initially treated with DEX on different days in 
3 days interval from 3DAG to 21DAG.  After the initial treatment, the 
treatment was repeated every 3 days. The rosette leaf number was unaffected 
by DEX treatment. However, the cauline leaf number increased gradually with 





Figure 34. Flowering phenotypes of representative lfy-1 gLFY-GR plants 
initially treated with DEX on different days.  
The lfy-1 gLFY-GR plants were initially treated with DEX on different days in 
3 days interval from 3DAG to 21DAG.  After the initial treatment, the 
treatment was repeated every 3 days. Note the cauline leaf number of plants 




3.13 SOC1 affects the distribution of leaves in lfy mutant 
Because we have shown that SOC1 affects the leaf distribution by modulating 
GA levels. The 35S:SOC1 line exhibits early flowering and high CL/RL ratio, 
the latter phenotype reminiscent of the phenotype of lfy mutant. SOC1 has also 
been shown to directly bind to the promoter of LFY using SOC1 
overexpression lines (Lee et al., 2008; Liu et al., 2008). We have also found 
that the LFY promoter can be bound by SOC1 in inflorescence using a soc1-2 
gSOC1-2HA line (Figure 35). The binding sites were similar to previously 
described. We have also shown that the expression of LFY was increased in 
35S:SOC1 and decreased in soc1-2 using 9DAG SAM materials (Figure 36), 
suggesting that SOC1 may directly upregulate the expression of LFY.  
As LFY affects cauline leaf number significantly, we were curious about the 
functions of SOC1 in lfy mutant background. Therefore we crossed the lfy-1 
mutant with soc1-2 and 35S:SOC1. The lfy-1 soc1-2 double mutant had 
similar number of rosette leaves with soc1-2, while the cauline leaf number 
was much higher than both lfy-1 and soc1-2 single mutant (Figure 37). In fact, 
the CL/RL ratio of lfy-1 soc1-2 was about 1, which was similar to that of lfy-1, 
suggesting that the soc1-2 mutation could increase both rosette leaf and 
cauline leaf number equally in lfy-1.  
However, the lfy-1 35S:SOC1 plants had less rosette leaves and more cauline 
leaves than lfy-1. The lfy-1 35S:SOC1 had similar number of rosette leaves 
compared with 35S:SOC1, but the cauline leaf number was largely increased 
(Figure 37). In fact, the CL/RL ratio of lfy-1 35S:SOC1 was about 5, the 
highest that has been recorded in this study. It seems that in the lfy-1 35:SOC1 
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plants, some rosette leaves have been reallocated to cauline leaves. The 
bolting transition of lfy-1 35S:SOC1 is at the same time as 35S:SOC1, while 




Figure 35. ChIP analysis showing direct binding of SOC1 to the LFY 
promoter. 
The upper panel is the schematic diagram of LFY gene with 2.5 kb promoter. 
DNA fragments amplified for ChIP analysis are indicated by short bars. The 
lower panel is the ChIP analysis of SOC1 binding to the LFY promoter and 
introns. Inflorescence apices (with flower buds earlier than stage 12) of WT 
and soc1-2 gSOC1-2HA were collected for ChIP analysis using anti-HA 
antibody. WT served as a negative control. SOC1 can strongly bind to LFY-1 





Figure 36. LFY expression levels in WT, soc1-2, and 35S:SOC1. 
9DAG SAM materials were used for RNA extraction. Leaves were removed to 
enrich SAM materials. The expression of LFY was lower in soc1-2 and higher 




Figure 37. The function of SOC1 in the lfy-1 mutant background. 
(A) Rosette and cauline leaf number of plants with various genetic 
backgrounds under LD. 






Figure 38. Phenotypes of representative plants showing the function of 
SOC1 in the lfy-1 background. 
(A) Flowering phenotypes of representative 33DAG 35S:SOC1, lfy-1 
35S:SOC1, and lfy-1 plants grown under LD. 
(B) Flowering phenotypes of representative 50DAG soc1-2 and lfy-1 soc1-2 





3.14 SOC1 promotes bolting transition and floral transition in a tissue 
specific manner 
The soc1-2 mutant exhibits late flowering and also lower CL/RL ratio due to 
delayed bolting transition. On the contrary, 35S:SOC1 overexpression lines 
exhibits early flowering and also higher CL/RL ratio due to early bolting 
transition. Floral transition occurs in the emerging primordia surrounding the 
shoot apical meristem. Bolting transition occurs in the subapical regions, 
which are only about 100 um below the shoot apical meristem in Arabidopsis. 
GA has been shown to accumulate in the shoot apex during floral transition 
(Eriksson et al., 2006). As we have shown that SOC1 regulates GA levels by 
suppressing GA catabolic genes GA2ox1/2, and that SOC1 controls floral 
transition by promoting LFY expression, we want to know in which tissues 
SOC1 functions to regulate bolting transition.  
We have thus created pSUC2:SOC1 lines in which SOC1 is driven under the 
promoter of SUC2 to specifically express in the leaf vasculature. The 
pSUC2:SOC1 lines in the WT background flowered earlier compared with 
WT, though not as early as 35S:SOC1. The soc1-2 pSUC2:SOC1 lines had 
fully rescued the late flowering time phenotype of soc1-2 (Figure 39A). These 
results suggest that the expression of SOC1 in the vasculature tissues is 
capable of promoting floral transition. However, we have noticed that in the 
pSUC2:SOC1 plants, the CL/RL ratios were only slightly higher than that of 
WT. Moreover, the soc1-2 pSUC2:SOC1 lines usually had no or only 1 
cauline leaf, making the CL/RL ratios even lower than that of soc1-2 mutant 
(Figure 39B). This is unexpected and also further complicates the role of 
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SOC1 in the bolting transition. It seems that expression of SOC1 in the 
vasculature by SUC2 promoter promotes floral transition but not bolting 
transition. This also supports the notion that floral transition and bolting 




Figure 39. Expression of SOC1 in the vasculature by the SUC2 promoter 
promotes floral transition but not bolting transition. 
(A) Rosette and cauline leaf numbers of plants with various genetic 
backgrounds under LD. There are 2 independent lines for 35S:SOC1, 
pSUC2:SOC1, and soc1-2 pSUC2:SOC1. 





Figure 40. Phenotypes of representative plants of pSUC2:SOC1 and soc1-
2 pSUC2:SOC1. 
Plants were grown under LD. Shown are representative 28DAG pSUC2:SOC1 
and 35DAG soc1-2 pSUC2:SOC1. There are 2 independent lines for each 






3.15 Other transcription factors that may regulate leaf distribution in 
association with SOC1 
The role of the ABC model gene APETALA2 (AP2) in controlling floral organ 
development has been described many years ago (Kunst et al., 1989). AP2 has 
also been found to regulate flowering time during vegetative stage by directly 
binding to, and repressing the transcription of, the key flowering loci SOC1 
(Yant et al., 2010). The ap2-12 mutant flowered earlier than WT. We have 
also examined the leaf distribution of the ap2-12 mutant. The cauline leaf 
number of ap2-12 mutant was decreased more obviously than rosette leaf 
number, making the CL/RL ratio of ap2-12 lower than WT. While other early 
flowering plants we examined usually have higher CL/RL ratios as mentioned 
above (Figure 10). The lower CL/RL ratio of ap2-12 is reminiscent of the 
lower CL/RL ratio of soc1-2. We thus created the double mutant of soc1-2 
ap2-12 to see its phenotype. The soc1-2 ap2-12 plant flowered slightly later 
than WT regarding to the rosette leaf number, but the cauline leaf number of 
soc1-2 ap2-12 was similar to ap2-12. As a result, the CL/RL ratio of soc1-2 
ap2-12 was even lower than both soc1-2 and ap2-12 single mutant (Figure 41). 
These results suggest that ap2-12 can further enhance the low CL/RL ratio 
phenotype of soc1-2. AP2 and SOC1 have opposite roles in regulating 
flowering time. However, they may have cooperative roles in regulating leaf 
distribution. 
AGL24 is a close homolog of SOC1. SOC1 has been shown to interact with 
AGL24 to form a heterodimer to regulate the expression of LFY (Lee et al., 
2008). Unlike soc1-2, the agl24-3 mutant flowered only slightly later than WT. 
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The soc1-2 agl24-3 double mutant had similar number of rosette leaves 
compared with soc1-2 under LD. However, we have noticed that the cauline 
leaf number of soc1-2 agl24-3 was increased significantly compared with 
soc1-2 (Figure 42). The CL/RL ratio of soc1-2 agl24-3 was much higher than 
that of soc1-2. It can be explained by the delayed activation of LFY due to 
loss-of-function of both SOC1 and AGL24.  
Another MADS box protein that may interact with SOC1 to regulate LFY 
activity is FUL (Balanzà et al., 2014). FUL and SOC1 have been shown to 
control both flowering time and meristem determinacy redundantly (Melzer et 
al., 2008). Under LD, the ful-7 mutant flowered slightly later than WT 
regarding to the rosette leaf number. The ful-7 mutant also produced more 
cauline leaves than WT, and the CL/RL ratio of ful-7 was significantly higher 
than WT (Figure 42). This is consistent with role of FUL in promoting the 
expression of LFY. The double mutant of soc1-2 ful-7 flowered later than 
soc1-2. Moreover, the CL/RL ratio of soc1-2 ful-7 was comparable with ful-7, 
suggesting that ful-7 mutation can rescue the low CL/RL ratio phenotype of 
soc1-2. This is probably because of the delayed LFY expression due to loss-of-




Figure 41. The ap2-12 mutation further enhances the low CL/RL ratio of 
soc1-2. 
(A) Rosette and cauline leaf number of WT, soc1-2, ap2-12, and soc1-2 ap2-
12 plants grown under LD. 
(B) CL/RL ratios of WT, soc1-2, ap2-12, and soc1-2 ap2-12 plants grown 
under LD. 
(C) Flowering phenotypes of representative 30DAG WT, ap2-12, and soc1-2 
ap2-12 plants grown under LD. Note that both ap2-12 and soc1-2 ap2-12 have 




Figure 42. AGL24 and FUL act in parallel with SOC1 to regulate cauline 
leaf number. 
(A) Rosette and cauline leaf number of plants with various genetic 
backgrounds under LD. 
(B) CL/RL ratios of plants with various genetic backgrounds grown under LD. 
(C) Flowering phenotypes of representative 45DAG soc1-2, soc1-2 agl24-3, 


















4.1 Bolting transition is vital for rosette plant architecture and it is 
controlled by GA 
Rosette morphology can be found in many plant species, especially during 
early vegetative development. For flowering rosette plant, the bolting 
transition is usually accompanied by the floral transition, which is the 
transition from vegetative development to reproductive development. The 
bolting transition is the elongation of the first internode along the stem, which 
marks the boundary of rosette leaf and cauline leaf. Bolting transition is vital 
for plant architecture in that it determines plant height and the leaf distribution 
along the main stem. The bolted stem can facilitate pollination and seed 
distribution by supporting flowers up high in the air. The model plant 
Arabidopsis is also a typical rosette plant and produces bolting when 
flowering. The bolting transition and the floral transition are uncoupled 
processes as illustrated by the phenotypes of some mutants, including ga1, lfy, 
and pin1 (Pouteau and Albertini, 2009). Yet they are regulated by some 
common mechanisms such as GA signalling pathway.  
GA has been shown to promote stem elongation in many plants. GA can 
regulate both cell division and cell expansion (Olszewski et al., 2002; Dolan 
and Davies, 2004; Achard et al., 2009). In Arabidopsis, bolting, unlike 
flowering, has an absolute requirement for GA signalling (Mutasa-Göttgens 
and Hedden, 2009). The severe GA-deficient mutant ga1-3 produces sterile 
flowers directly from rosette without bolting under LD. WT plants treated with 
exogenous GA produce less rosette leaves and more cauline leaves due to the 
reallocation of leaves along the stem. The GA synthesis inhibitor PAC has the 
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opposite effect on plant architecture (Figure 13). Moreover, the effect of GA 
on leaf distribution is even more significant under SD, when GA plays a 
predominant role on flowering (Figure 14). 
As GA regulates many aspects of plant development, the levels of GA in 
plants are under tight control by various feedback and feedforward regulations. 
High GA levels lead to downregulation of GA biosynthetic genes (GA20ox 
and GA3ox) and upregulation of GA catabolic genes (GA2ox), and vice versa 
(Ribeiro et al., 2012; Middleton et al., 2012). The GA homeostasis is 
maintained by the balance between GA biosynthetic enzymes and GA 
catabolic enzymes. Some transcription factors have been shown to modulate 
GA levels by directly regulating GA biosynthetic genes. For example, GAF1 
interacts with GAI in vivo to directly regulate the expression of GA20ox2 
(Fukazawa et al., 2014). TEM directly regulates the expression of GA3ox1 and 
GA3ox2 (Osnato et al., 2012). SVP has also been shown to regulate GA20ox2 
expression in the SAM, though no direct binding to the GA20ox2 locus was 
found (Andrés et al., 2014). As the GA levels affect bolting transition, the 
fluctuation of GA homeostasis by other transcription factors will also 
influence bolting transition. 
 
4.2 SOC1 directly regulates GA catabolic genes GA2ox1/2 to control 
bolting transition 
SOC1 has long been identified to regulate floral transition of Arabidopsis. We 
have also noticed that the CL/RL ratio is significantly reduced in soc1-2 and 
increased in 35S:SOC1 (Figure 8&11), indicating that the GA levels may be 
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altered in soc1-2 and 35S:SOC1. Indeed, the chlorophyll content in soc1-2 is 
increased while in 35S:SOC1 it is reduced (Figure 16). The chlorophyll 
content is an indicator of GA levels. Higher chlorophyll content in soc1-2 
suggests lower GA levels, while lower chlorophyll content in 35S:SOC1 
suggests higher GA levels. Further experiments should be done to examine 
levels of different forms of GA directly using HPLC-MS. We have also 
examined the bolting transition of soc1-2 and 35S:SOC1 microscopically 
using histological sections. As expected, the results show that bolting 
transition is delayed in soc1-2 and hastened in 35S:SOC1 (Figure 12).  
However, it should be noted that it is the position of the first elongated 
internode, not the timing it elongates, that determines the CL/RL ratio. 
When compared with other early flowering plants, 35S:SOC1 exhibits a 
prominent CL/RL ratio in that it is at least two times higher than the CL/RL 
ratios of other early flowering plants (Figure 10). The high CL/RL ratio is a 
typical phenotype of plants treated with exogenous GA. For the soc1-2 mutant, 
it exhibits lower CL/RL ratio, which is a typical phenotype of plants treated 
with PAC. However, other late flowering plants such as ft-10 and co-9 also 
exhibit lower CL/RL ratios compared to WT, though not as low as soc1-2 
(data not shown). This may be due to the largely suppressed SOC1 expression 
levels in ft-10 and co-9 plants, for SOC1 is directly regulated by FT and CO 
(Yoo et al., 2005; Kim et al., 2013; Hou et al., 2014). However, the late 
flowering mutant fd-1 does not exhibit lower CL/RL ratio as shown before: the 
rosette leaf number of fd-1 is as many as soc1-2, but the cauline leaf number 
of fd-1 is about two times higher than soc1-2 (Abe et al., 2005; Yamaguchi et 
al., 2014). FD is an interacting partner of FT in the shoot apex and the 
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expression of SOC1 is not altered in fd-1 or 35S:FD (Abe et al., 2005). These 
results suggest that SOC1 not only regulates flowering time, but also regulates 
leaf distribution. 
We have shown that SOC1 directly binds to the promoters of GA2ox1 and 
GA2ox2, two important genes in the GA catabolic pathway (Figure 25-27). 
Moreover, the expression of GA2ox1 and GA2ox2 is downregulated by SOC1 
as shown by the DEX treated 35S:SOC1-GR line (Figure 29). So SOC1 is able 
to directly suppress the expression of GA catabolic genes GA2ox1/2. As both 
GA biosynthetic genes and GA catabolic genes are upregulated in soc1-2 and 
downregulated in 35S:SOC1 in 9DAG seedlings (Figure 18-19), we propose 
the scenario in 35S:SOC1 is as following: firstly, overexpressed SOC1 binds 
to GA2ox1/2 to downregulate their expression; secondly, GA levels increase 
due to lack of GA catabolic enzymes; finally, higher levels of GA feedback to 
downregulate the expression of GA biosynthetic genes. The scenario in soc1-2 
is just opposite to 35S:SOC1. Usually, the GA biosynthetic genes and 
catabolic genes are regulated in contrary directions to maintain GA 
homeostasis (Ribeiro et al., 2012; Middleton et al., 2012). In soc1-2 and 
35S:SOC1, however, the balance is intervened by the ability of SOC1 to 
suppress GA catabolic genes GA2ox1 and GA2ox1. Consequently, both GA 
biosynthetic genes and GA catabolic genes are upregulated in soc1-2 and 
downregulated in 35S:SOC1. Actually the other GA catabolic genes GA2ox4 
and GA2ox6 have similar expression pattern as GA2ox1 and GA2ox2. They 




4.3 SOC1 may suppress GA catabolic genes by recruiting TPL 
As an MADS box protein, SOC1 can form protein complexes with other 
MADS box proteins and transcriptional regulators. One of them is TPL, a 
common transcription corepressor that can be recruited directly or indirectly 
by DNA-binding transcription factors to repress target gene expression (Long 
et al., 2006). We have found that the C domain of SOC1 is responsible for the 
interaction between SOC1 and TPL. Moreover, the partial EAR motif in the C 
domain mediates the interaction with TPL (Figure 30-31). So we propose that 
SOC1 recruits TPL to suppress GA2ox1/2 expression.  
SOC1 has also been found to directly bind to and repress four AP2-like genes 
(Tao et al., 2012). TPL may also be involved in the process. Comparing the 
identified SOC1 binding genes by ChIP-chip (Tao et al., 2012) and ChIP-seq 
(Immink et al., 2012) with gene expression microarray data for SOC1 
regulation (Seo et al., 2009) has shown that: among the genes directly 
regulated by SOC1, about 90% are directly bound and downregulated by 
SOC1; only about 10% of the genes are directly bound and upregulated by 
SOC1. It indicates that SOC1 functions largely as a transcription repressor. 
However, it should be noted that it is common for transcription factors to have 
dual functions of activation and repression. SOC1 may recruit other 
interacting partners to promote gene expression. At least SOC1 itself is 





4.4 SOC1 regulates plant architecture in association with LFY 
The upregulation of LFY during the floral transition is essential for the 
formation of floral primordium. The lfy-1 mutant produces numerous cauline 
leaves and secondary branches where flowers should occur. However, the 
bolting transition in lfy-1 mutant is not affected as the rosette leaf number is 
normal (Figure 32). The lfy-1 soc1-2 double mutant has more rosette leaves 
and cauline leaves than lfy-1 single mutant, suggesting that the soc1-2 
mutation can further increase the cauline leaf number of lfy-1. On the other 
hand, the lfy-1 35S:SOC1 plants have less rosette leaves and more cauline 
leaves than lfy-1 (Figure 37). It seems that the bolting transition of lfy-1 
35S:SOC1 is as early as 35S:SOC1, while the floral transition is delayed by 
lfy-1 mutation. Even though SOC1 is able to promote floral transition, it needs 
LFY to fulfil its function. Without LFY in the lfy-1 background, SOC1 can 
only promote bolting transition. We have shown that SOC1 directly binds to 
the promoter of LFY and the LFY expression is upregulated in 35S:SOC1 
(Figure 35-36). The role of SOC1 in regulating plant architecture is dependent 
on the LFY activity. 
Moreover, we have found that the pSUC2:SOC1 transgene promotes floral 
transition, though the ability to promote floral transition is much weaker than 
35S:SOC1 (Figure 39). This indicates that the expression of SOC1 in the shoot 
apex is more capable of promoting floral transition. Actually it has been 
shown before that pKNAT1:SOC1, which express SOC1 in the shoot apex, can 
rescue the late flowering phenotype of soc1-1 (in Ler) better than 
pSUC2:SOC1 (Searle et al., 2006). Expression of SOC1 in the shoot apex may 
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promote floral transition by upregulating LFY expression during floral 
transition. Further examination of the leaf distribution of pKNAT1:SOC1 may 
help to reveal the functions of SOC1.  
We have also noticed that the soc1-2 pSUC2:SOC1 unexpectedly exhibits 
reduced number of cauline leaves. Bolting transition occurs in the subapical 
regions, which are only about 100 um below the shoot apical meristem in 
Arabidopsis. SOC1 may promote bolting transition in the subapical regions by 
downregulating GA2ox genes and thus facilitating GA accumulation. 
Expression of SOC1 in the leaf vasculature by pSUC2 is not capable of 
promoting bolting transition, thus having less cauline leaves. So we conclude 
that SOC1 promotes bolting transition and floral transition in a tissue specific 
manner. In rice, it has been shown that the OsGA2ox1 is expressed in a ring-
shape pattern around the shoot apex, and its expression is drastically decreased 
after the phase transition from vegetative to reproductive growth (Sakamoto et 
al., 2001). The Arabidopsis GA2ox genes may also be regulated in the 
subapical regions by SOC1. 
 
4.5 SOC1 regulates plant architecture in association with other 
transcription factors 
SOC1 was initially identified to regulate flowering time. Then it was found to 
participate in floral organ development. Yet we have shown here that SOC1 is 
also able to regulate plant architecture in two ways. On one hand, SOC1 
suppresses the expression of GA catabolic genes in a tissue specific manner. 
The bolting transition is thus affected as a result of altered GA levels 
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presumably in subapical regions. On the other hand, SOC1 promotes the 
expression of LFY in the shoot apex to control floral transition (Figure 43). 
Both ways contribute to the plant architecture of Arabidopsis, and both ways 
are also controlled by other transcription factors. For example, GA 
homeostasis is regulated directly or indirectly by transcription factors like 
GAF1, SVP, SCL, KN1, and TEM  (Fukazawa et al., 2014; Andrés et al., 2014; 
Zhang et al., 2011; Bolduc and Hake, 2009; Osnato et al., 2012). However, it 
is noteworthy that the specific tissue where GA or GA signalling is changed is 
important for controlling plant architecture. For instance, the rga gai double 
mutant can restore the bolting phenotype but not the sterile phenotype of ga1-
3 (Dill and Sun, 2001). The GA levels in the subapical regions directly 
regulate the bolting transition as bolting occurs there. As a floral integrator, 
LFY is the master regulator of flower development. The downstream targets of 
LFY has been well studied by microarray (William et al., 2004) and large 
scale ChIP assays (Moyroud et al., 2011; Winter et al., 2011). However, 
despite the important role of LFY in regulating floral transition, very few of its 
upstream regulators are identified so far, including MYB33, SOC1, and SPL3 
(Gocal et al., 2001; Lee et al., 2008; Liu et al., 2008; Yamaguchi et al., 2009). 
By carefully observing the leaf distribution phenotype of some mutants, we 
have found that AP2, AGL24, and FUL are also involved in controlling plant 
architecture in Arabidopsis. The ap2-12 mutant has reduced CL/RL ratio, 
whereas agl24-3 and ful-7 mutations can increase CL/RL ratio of soc1-2 by 
producing more cauline leaves. Although the ap2-12 mutant exhibits low 
CL/RL ratio, the hexuple mutant of 6 AP2-clade genes actually exhibits 
phenotypes of extremely early flowering and high CL/RL ratio (Yant et al., 
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2010), complicating the functions of AP2 in regulating plant architecture. 
AGL24 and FUL have been found to upregulate LFY in cooperation with 
SOC1 (Lee et al., 2008; Balanzà et al., 2014), the mutations of these two genes 
in soc1-2 background may further delay the expression of LFY. As a result, 
cauline leaf number is increased. It has also been shown before that the flc-3 
soc1-2 agl24-1 triple mutant exhibits leafy structures and many cauline leaves 
(Deng et al., 2011). In conclusion, SOC1 regulates plant architecture in 






Figure 43. The model showing regulation of bolting transition and floral 
transition by SOC1. 
SOC1 promotes the expression of LFY in the shoot apex to control floral 
transition. SOC1 suppresses the expression of GA2ox genes in subapical 
regions to facilitate GA accumulation, thus promoting bolting transition. 
Arrows and bars indicate promoting and repressing effects, respectively. Red 
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